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Le réchauffement climatique constitue une problématique d’actualité très préoccupante 
en raison de ses effets potentiels sur la biodiversité et le secteur agricole. Mieux comprendre 
l’adaptation des plantes face à ce phénomène récent représente donc un intérêt majeur pour la 
science et la société. 
L’étude de populations naturelles provenant d’un gradient d’altitude permet de corréler 
l’impact d’un ensemble de conditions climatiques (température, humidité, radiation, etc.) à des 
traits phénotypiques. Ces différentes populations sont dites adaptées à leurs conditions 
climatiques in natura. En cultivant ces plantes dans des conditions standardisées de laboratoire 
(intensité lumineuse, substrat, température, arrosage, etc.), la variabilité observée, le phénotype, 
est alors dû essentiellement à la variabilité génétique intrinsèque à chaque plante, donc à son 
génotype. La mise en culture de ces mêmes plantes en changeant une seule variable, par 
exemple la température, permet de mettre en évidence un phénotype caractéristique. Ce 
phénotype observé peut être une réponse d’acclimatation d’un génome adapté. Le projet 
WallOmics vise à caractériser l’adaptation des plantes à l’altitude par l’étude de populations 
naturelles d’Arabidopsis thaliana provenant des Pyrénées. 
Les acteurs moléculaires de l'adaptation des plantes au climat sont encore mal connus 
mais il apparaît que la paroi des cellules végétales pourrait avoir un rôle important dans ce 
processus. En effet, celle-ci représente le squelette des plantes et leur confère une rigidité tout 
en représentant une barrière externe sensible et dynamique face aux changements 
environnementaux. Sa structure et sa composition peuvent être modifiées à tout moment. Il est 
d’ailleurs possible de dire que cette paroi végétale donne la forme générale de la plante (taille, 
forme, densité, etc.), son phénotype observable. Ce projet se consacrera principalement à 
l’étude des parois des cellules végétales.  
Les nouvelles technologies ont permis l’émergence des données dites «omiques», c’est-
à-dire de vastes ensembles de données à des niveaux biologiques multiples, comme des données 
écologiques, de phénotypages, biochimiques, protéomiques, transcriptomiques et génomiques. 
L’étude et la mise en relation de ces données a favorisé le développement d’approches globales 
qui visent à établir une réponse à plusieurs échelles. C’est justement par ce type d’approche non 
mécanistique que le projet WallOmics va contribuer à établir les bases moléculaires des 





















I.1 Contraintes des variations d’altitude chez les plantes 
I.1.1 Contexte du réchauffement climatique 
La réponse des plantes au réchauffement climatique est récemment devenue un enjeu 
majeur, en raison de ses effets potentiels à la fois sur la biodiversité (Meehl et al. 2007), sur le 
secteur agricole et sur les populations. Les manifestations engendrées par ce réchauffement 
climatique sont diverses : modification des périodes saisonnières, changements de 
températures, occurrences plus élevées de stress abiotiques (froid, gelée, tempête, sécheresse, 
inondation, etc.) ; et les conséquences sont multiples : rendements agricoles de plus en plus 
variables, recrudescence des maladies, redistribution géographique des productions agricoles, 
etc. L’étude des variations phénotypiques liées à ces changements est donc devenue primordial.  
En montagne, le déplacement de plusieurs espèces de plantes vers des altitudes plus 
élevées a déjà été observé parallèlement à l'évolution des conditions climatiques (Beniston 
2003). 
I.1.2 La montagne, terrain d’étude privilégié 
La montagne est un environnement de travail qui permet d’étudier un gradient naturel 
de stress abiotique. En altitude, les plantes sont exposées à des conditions plus extrêmes qu’en 
plaine. Elles sont soumises à de plus forts rayonnements UV, accompagnés d’une augmentation 
de l’intensité lumineuse, de températures extrêmes et d’une réduction importante de la saison 
végétative. 
La distribution de la végétation en milieu montagnard est caractérisée par un étagement 
graduel. On peut distinguer l’étage collinéen, représenté par une dominance de forêts de divers 
feuillus, l’étage montagnard, caractérisé par des forêts de sapins, hêtres et pins, l’étage subalpin, 
occupé majoritairement par l’épicéa, puis l’étage alpin, qui ne possède que des herbacées, et 
pour finir le nival, où l’on retrouve essentiellement des mousses et des lichens. Le niveau de 
ces étages n’est pas le même partout dans le monde : ainsi, l’étage alpin est situé aux alentours 
de 4 000 m à l’équateur, 2 200 m dans les Alpes, et au niveau de la mer aux pôles (Fig. 1). 
 
Figure 1 : Position des zones alpines dans le monde (représentées en noir) (Körner 2003) 
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Cette distribution écologique est notamment due au gradient de température qui décroît 
fortement avec l’altitude (0,5 à 0,8°C tous les 100 m) au cours de la période de végétation 
(Körner 2003). Par exemple, les précipitations sont fréquentes sous forme de neige durant la 
période de végétation à partir du niveau alpin, mais elles se font majoritairement sous forme de 
neige à l’étage nival. De plus, le climat de ces étages est très contrasté en fonction des latitudes 
où il est présent. L’hygrométrie est la composante d’altitude la plus variable en fonction des 
régions : il n’existe aucune tendance ou règle sur le gradient de précipitations en fonction de 
l’altitude (Fig. 2). On peut ainsi retrouver en région équatoriale (courbe E) une décroissance 
des précipitations en fonction de l’altitude, un optimum de précipitation en moyenne montagne 
en région subtropicale (courbe S), ou encore un gradient positif de précipitations en fonction de 
l’altitude en région tempérée (courbe t). De toutes les composantes climatiques, les 
précipitations et la saisonnalité exercent la plus grande influence sur la variation climatique 
d’une région (Körner 2007). 
 
Figure 2 : Tendance des typologies de précipitations en fonction du climat. E, équatorial (0 - 
10° latitude); S, subtropical (10 – 30° latitude); T, transition (30 – 40° latitude); t, tempéré (40 
– 60° latitude); P, polaire (Groenland) (Körner 2007). 
I.1.3 Comportement des plantes face à des changements d’altitude 
La graduation des composantes du climat affecte fortement les plantes et leurs 
phénotypes. Cependant, cette plasticité phénotypique permettant l’adaptation à des 
environnements très changeants varie selon les espèces.  
7 
 
On peut trouver des espèces avec des capacités d’acclimatation très importantes comme 
Heliotropium curassivicum, qui change son optimum thermique en fonction de la température 
du milieu où elle se trouve (de 20 à 40°C), tout en conservant sa capacité d’assimilation de l'eau 
et des nutriments, et donc sa capacité de croissance (Berry & Bjorkman 1980). D’autres espèces 
possèdent des écotypes ou variétés liés aux différentes conditions climatiques associées à leur 
répartition géographique. Ainsi, les individus d’une même espèce peuvent montrer des 
différences morphologiques importantes pour une meilleure réponse aux différentes conditions 
climatiques. Par exemple, le genre Camelina, montre une variation intra- et inter- spécifique 
importante de sa cuticule lui conférant une tolérance différenciée à la sècheresse (Tomasi et al. 
2017). Une autre étude récente sur différents accessions de la graminée Setaria viridis montre 
une plasticité physiologique et phénotypique lorsqu’ils sont soumis à des stress hydriques et 
thermiques permettant de distinguer les accessions tolérantes et sensibles à ces stress (Saha et 
al. 2016). La graminée Festuca eskia présente une réduction de sa taille et de sa masse, et 
augmente sa surface foliaire lorsqu’elle est transplantée en altitude (Gonzalo‐Turpin & Hazard 
2009). Mais les espèces adaptées à des conditions climatiques extrêmes possèdent une diversité 
de plasticité limitée. Ainsi Ranunculus glacialis, adaptée au milieu alpin, ne peut survivre en 
dessous de 2 400 m dans les Alpes (Streb et al. 2003). Ces différents cas ouvrent de nouvelle 
direction prometteuse en biologie évolutive et en biologie des systèmes grâce à l’étude des 
variants naturels, jointe à des études moléculaires et climatiques.  
Les espèces végétales ayant une large répartition géographique sont souvent constituées 
de populations qui peuvent présenter ces différences phénotypiques dues aux différentes 
pressions de sélections des divers habitats qu’elles occupent : A. thaliana fait partie de ces 




I.2 Arabidopsis : la plante, son environnement, son écologie 
I.2.1 Généralités 
 
Figure 3 : A) Information relative à la morphologie (William Curtis, 1835, Flora Londiniensis, 
John Innes Historical Collections) et à la classification botanique d’A. thaliana. B) Distribution 
mondiale de l’espèce (Krämer 2015) ; C) Exemple d’habitat naturel lors d’une récolte, ici à 
Gripp en Hautes-Pyrénées. 
A. thaliana est une angiosperme annuelle de la famille des Brassicaceae, largement 
répandue dans l'hémisphère nord. Plante pionnière et opportuniste, elle se trouve dans des 
habitats perturbés avec peu de compétition interspécifique. 
Après germination, les différentes feuilles forment une rosette, au centre de laquelle 
émerge un bourgeon lors de la phase de transition florale. Celui-ci formera alors une tige qui 
portera l’inflorescence, puis les fruits, appelés siliques (Fig. 3). 


























I.2.2 Une plante modèle 
A. thaliana est caractérisée par un petit génome (125 millions de paires de bases), une 
croissance rapide, une petite taille et un fort taux d’autofécondation (> 90%) qui facilite sa 
culture et son étude en laboratoire. Considérée comme plante « modèle », elle a été la première 
plante à être séquencée (Huala et al. 2001), et de nombreuses études la concernant ont été 
réalisées en biologie moléculaire, en écologie ou encore en évolution. Grâce à l’expansion des 
nouvelles technologies, un grand nombre de bases de données lui sont consacrées (TAIR 
(Swarbreck et al. 2008), AHD (Jiang et al. 2011), Araport (Cheng et al. 2017), AraPheno (Seren 
et al. 2017), etc.), permettant notamment des études sur les interactions entre son génotype et 
son environnement (El-Lithy et al. 2004; Mitchell-Olds & Schmitt 2006). Il y a quelques 
années, un projet de séquençage de 1001 génomes a permis de mieux comprendre l’évolution 
et la diversité génétique de cette espèce (1001 genome consortium ; (Weigel & Mott 2009). 
I.2.3 Son cycle de vie 
De par la diversité de ses milieux de vie, A. thaliana possède de nombreuses populations 
identifiées possédant une grande variabilité génétique et phénotypique (Weigel & Mott 2009). 
Ces variations naturelles suggèrent une forte capacité d'adaptation locale (Mitchell-Olds & 
Schmitt 2006). L’un des phénotypes les plus marqués est l’existence de deux différents cycles 
de vie (Fig. 4).  
 
Figure 4 : Illustration des variations de cycles de vie d’A. thaliana (d’après Burghardt et al. 
2015) montrant sa capacité à germer et fleurir à différentes saisons. A) les « summer-annual » 
et B) les « winter-annual ». 





Deux cycles de vies distincts contrôlés et régulés par l’environnement ont été identifiés 
dans les populations de cette espèce. Les deux facteurs environnementaux affectant les cycles 
de vies d’A. thaliana sont la photopériode et la température. Le premier cycle, nommé summer-
annual (Fig. 4A), est caractérisé par sa rapidité régulée principalement par la photopériode. En 
jour long, la floraison sera plus rapidement induite qu’en jour court. Ce cycle de vie, majoritaire 
chez A. thaliana, permet de voir plusieurs générations sur une même année. Le second cycle, 
nommé winter-annual (Fig. 4B), est régulé par la température et spécifiquement par la 
vernalisation. La vernalisation est l’exposition prolongée aux basses températures, induisant la 
transition florale par l’activation de gènes. Ainsi, pour ces accessions, les rosettes ont besoin de 
subir les températures d’un hiver pour initier la floraison. Cette combinaison de signaux et de 
cycles de vie permet à cette espèce de maximiser ses chances de reproduction. Mais si les cycles 
de vie ne sont qu’un élément spatio-temporel, des traits morphologiques et physiologiques 
permettent aussi de caractériser les différents écotypes d’A.thaliana. 
I.2.4 Sa diversité phénotypique 
Les différents traits observables chez A. thaliana reflètent une adaptation 
morphologique et physiologique aux différents biotopes qu’occupe l’espèce. Ces variations 
naturelles offrent une alternative aux études par mutations pour l’observation des fonctions d’un 
gène. Cette plante modèle offre une large diversité de ces traits au sein de ses populations 
naturelles réparties au niveau mondial (Fig. 5), lui conférant un large avantage pour des études 
de la variation de traits complexes via l’interaction entre le génotype et l'environnement. 
 
Figure 5 : Variations morphologiques naturelles d’accessions A. thaliana provenant de ses 
différentes localisations dans le monde (Van Norman & Benfey 2009). 
Les différentes populations naturelles sont des conséquences directes de l'adaptation 
locale d'une espèce. Depuis quelques années, de nombreux projets visent à identifier les 
variations génétiques produisant des phénotypes différents à profusion. Ces études ont pour 
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objectif de relier les variations génétiques intra-espèce aux différents phénotypiques observés. 
Les études d'association de génomes, ou GWAS (genome-wide association studies), constituent 
un outil privilégié pour ces analyses. Chez A. thaliana, 214 000 marqueurs génétiques ont été 
obtenus à travers diverses techniques d’hybridation de plus de 1 000 génomes (Seren et al. 
2017). Une étude récente a notamment utilisé cet outil afin de fournir une analyse de 
l'architecture génétique qui sous-tend à la biosynthèse de la paroi cellulaire végétale (Wood et 
al. 2017). Cependant, les bases moléculaires de ces modifications morphologiques restent 
largement inconnues. Etant admis que la paroi cellulaire est l’une des composantes principales 
contribuant à l'architecture des plantes, les modifications de celle-ci doivent être prises en 




I.3 La paroi végétale 
I.3.1 Structure et dynamique 
La paroi végétale peut être considérée comme le squelette des plantes car elle détermine 
la forme des cellules qu’elle entoure (Braidwood et al. 2014). En effet, cette couche 
extracellulaire est essentielle au port des plantes, tout en assurant la communication entre les 
cellules. De plus, située au contact direct de l’environnement, elle contribue à la signalisation, 
la protection et l’adaptation des plantes face aux stress environnementaux. En raison de ses 
nombreuses fonctions, elle représente un compartiment dynamique capable de se remodeler 
durant tout le développement de la plante, aboutissant à une diversité de structure entre les 
organes tel que la fleur (pétales), la feuille (trichomes et cellules de garde) ou les racines (poils 
absorbant) (Fig. 6). 
 
Figure 6 : Diversité anatomique et morphologique d’A. thaliana. Illustration de cinq types 
différents de cellules : cellules épidermiques de racines, d’hypocotyles, de feuilles, de pétales 
et de cellules spécialisées (poils absorbants et trichomes) ; Barres d’échelles : 25 µm 
(Braidwood et al. 2014). 
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Formée lors de la division cellulaire et réarrangée en permanence durant la vie de la 
cellule, cette structure est mise en place sous forme de couches à partir de la lamelle moyenne. 
On distingue deux types de paroi : la paroi primaire et la paroi secondaire (Fig. 7A), dont les 
fonctions, les structures et la composition diffèrent. 
 
Figure 7 : La paroi cellulaire secondaire est composée de plusieurs couches. A) Représentation 
simplifiée des différentes couches de la paroi cellulaire végétale (Sticklen 2008) B) Coupe 
transversale de paroi cellulaire vue au microscope électronique et localisation des différentes 
couches de la paroi cellulaire (Benjamin Cummings, Pearson Education). 
- la paroi primaire est composée d’un réseau de polysaccharides (90 – 95 %) et de 
protéines (5 – 10 %) qui se forme pendant la croissance cellulaire (Voragen et al. 2009). Les 
polysaccharides qui la composent sont constitués de microfibrilles de cellulose, 
d’hémicelluloses et de pectines. Son épaisseur est relativement minoritaire sur l’épaisseur totale 
de la paroi. De plus, elle contient des protéines structurales et non-structurales lui conférant une 
certaine plasticité (Cosgrove 2001). 
- la paroi secondaire se forme en fin de croissance de la cellule et sa composition est peu 
variable : il s’agit majoritairement de polysaccharides peu hydratés, avec notamment une plus 
forte présence de microfibrilles de cellulose que de pectines (Roland & Vian 1979). Sa structure 
est plus rigide et plus épaisse que celle de la paroi primaire (Fig. 7B) car elle peut contenir des 
composants hydrophobes comme la lignine. Les cellules lignifiées, destinées à mourir, forment 
communément le bois chez les arbres.  
- la lamelle moyenne, quant à elle, assure un rôle de cohésion entre les cellules. Elle n’a 
pas vocation à apporter une fonction mécanique aux plantes. Mise en place lors de la division 





La paroi végétale est donc un réseau dense de polysaccharides, de protéines et d’autres 
composés comme la lignine. Les polysaccharides peuvent être subdivisés en trois catégories en 
fonction des sucres qui les constituent : les pectines, les hémicelluloses et les microfibrilles de 
cellulose (Fig. 8A). 
 
Figure 8 : Détail du réseau complexe de polysaccharides pariétaux formé de chaînes de sucres. 
A) Modélisation du réseau de polysaccharides des parois d’A. thaliana. Les différents 
polymères y sont représentés en fonction du contenu en cellulose (qui a été réduit par rapport 
à une cellule vivante pour plus de clarté ; adapté de Somerville et al. 2004). B) Détail modélisé 
des structures des composant majoritaire de la paroi : la cellulose, le xyloglucane, ainsi que 
les pectines (Wolf et al. 2012). XG : xyloglucane ; RGI & RGII : rhamnogalacturonan I & II ; 










Les pectines, qui assurent de nombreux rôles (adhésion, défense, porosité, etc.), sont les 
composants les plus complexes et divers observés dans la paroi végétale (Cosgrove 2005). Elles 
forment une matrice hydrophile qui se lie aux divers composants, permettant l’expansion 
cellulaire et rendant la paroi plastique. Les pectines contiennent 4 domaines caractéristiques 
(Fig. 8B) : 
i) l’homogalacturonane (HG) en large majorité (60 % des parois primaires), qui est une 
chaîne linéaire d’acides galacturoniques (GalA) lié en α – (1,4) avec des degrés de 
méthyl estérification variable. 
ii) le xylogalacturonane (XGA) qui est une chaîne de HG substituée avec du xylose (Xyl) 
en position O3 des GalA. 
iii) le rhamnogalacturonane I (RG I), comportant des motifs simples de GalA, de rhamnose 
(Rha), de galactose (Gal) et d’arabinose (Ara) sur une chaîne linaire de GalA et de Rha 
(α-(1,4)-GalA-α-(1,2)-Rha). 
iv) le rhamnogalacturonane II (RG II), qui se compose de motifs de décorations très 
complexes, pouvant contenir une dizaine de sucres différents reliés par un grand nombre 
de combinaisons et de liaisons, le tout relié à une chaîne d’HG lié en α – (1,4). 
 
Les hémicelluloses sont des polymères constitués en grande majorité de glucose (Glc), 
Gal, Xyl, de mannose (Man) et de fucose (Fuc). Leurs liaisons covalentes ou non avec les 
microfibrilles de cellulose et la lignine leur confèrent un rôle dans le renforcement des parois. 
Ces polymères sont classés en quatre groupes majeurs :  
i) les xyloglucanes (XG), qui sont constitués d’un squelette de Glc (Glc ; β-(1,4)-D-Glc) 
substitué partiellement de Xyl en α-(1,6). 
ii) les xylanes, qui sont des chaînes linaires de Xyl (β-(1,4)-Xyl) pouvant être substitués de 
GalA et d’Ara. 
iii) les mannanes, qui sont des squelettes de Man liés en β-(1,4) pouvant porter des 
ramifications de Gal lié en α-(1,6).  
iv) les glucanes, qui sont des chaînes de Glc non ramifiés (β-(1,4) (1,3)-glucanes). 
 
Les microfibrilles de cellulose sont sûrement les composés pariétaux les plus connus et 
les plus utilisés en industrie en raison de la stabilité de leur structure simplement constitués de 
Glc et de leur propriété insoluble. Elles sont en effet exclusivement constituées d’une chaîne 
d’une dizaine de milliers de cellobioses (dimère de Glc), formant ainsi des fibres rigides. Ces 
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fibres sont synthétisées par un complexe enzymatique appelé cellulose-synthase (CESA) ou 
« rosette », ce nom lui venant de la structure que forment ses 6 sous-unités (Kumar et al. 2017). 
Les réseaux de cellulose confèrent la rigidité des parois cellulaires via l’interaction avec les 
hémicelluloses et les pectines. 
La paroi végétale peut aussi contenir d’autres polymères comme la lignine. Elle est 
constituée principalement de trois unités monolignols appelées p-hydroxyphényl (H), guaiacyl 
(G) et syringyl (S). Il est à noter qu’A. thaliana, ne contient que des unités G et S (Raes et al. 
2003). La composition non polysaccharidique de ce composé lié aux hémicelluloses contribue 
à la rigidité des parois, et assure des rôles d’hydrophobicité du xylème (transport de l’eau) et 
de protection contre les pathogènes (Déjardin et al. 2010). 
Cependant, la paroi n’est pas qu’un complexe de polymères figé, un dixième de sa 
composition étant fait de protéines de structure ou non. Depuis son séquençage en l’an 2000, 
environ 2 000 protéines sont prédites comme pouvant être sécrétées (Huala et al. 2001). A ce 
jour, un peu plus de 800 protéines pariétales ont été identifiées dans les protéomes d’A. thaliana 
(Duruflé et al. 2017). Les analyses in silico de la présence de domaines fonctionnels 
caractéristiques ont permis de suggérer une classification de ces protéines pariétales en 9 classes 
fonctionnelles (Fig. 9) (Irshad et al. 2008). 
 
Figure 9 : Distribution des protéines pariétales identifiées chez A. thaliana en fonction de leurs 
domaines fonctionnels prédits (WallProtDB). 
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Les neuf classes fonctionnelles sont les suivantes : 
i) les protéines agissant sur les polysaccharides sont les plus représentées (23 %) qui 
permettent le remodelage dynamique des parois (Franková & Fry 2013). Cette classe 
contient principalement des glycosides hydrolases (GH), des carbohydrates 
estérases/lyases ainsi que des expansines ; 
ii) les oxydo-réductases (13 %) qui comprend notamment les peroxydases de classe III 
(CIII Prxs). Ces protéines peuvent réguler l’élongation cellulaire en participant 
notamment à former des liens covalents entre les protéines structurales. Elles sont aussi 
impliquées dans les réarrangements des polysaccharides et la réponse immunitaire 
(Francoz et al. 2015) ; 
iii) les protéases (12 %), incluant des Asp- Cys- et Ser- protéase et des carboxypeptidases. 
Elles permettent la dégradation des protéines et pourraient participer dans la maturation 
des protéines pariétales (Albenne et al. 2009) ; 
iv) les protéines liées au métabolisme des lipides (10 %), qui interagissent avec les 
xyloglucanes et la cellulose lors de l’extension pariétale. Elles servent aussi de 
transporteur de lipides à travers les parois hydrophiles et permettraient des liaisons entre 
les lipides dans la cuticule (Jacq et al. 2017). Cette classe contient des lipases et des 
acylhydrolases de type GDSL ainsi que des protéines de transfert de lipides (LTP) ; 
v) les protéines à domaines d’interaction (8 %), comme les protéines à domaines LRR 
(leucine-rich repeat) qui interagissent avec les polysaccharides et des protéines 
pariétales; 
vi) les protéines de signalisation (8 %), comme les récepteurs kinases et les 
arabinogalactanes (AGP). Ces dernières pourraient participer aux propriétés 
biomécaniques de la paroi (Seifert, 2007) ; 
vii) les protéines structurales (2 %), qui correspondent essentiellement aux protéines riches 
en résidus hydroxyproline et glycine. Cette classe est décrite avec plus de détails dans 
la partie II.6 ; 
viii) les protéines de diverses familles (12 %), qui ne sont pas assez importantes pour former 
une classe fonctionnelle à part entière ; 
ix) les protéines de fonctions inconnues (12 %) sont des protéines sans domaine fonctionnel 




L’ensemble de ces protéines pariétales sont la clef de la plasticité de la paroi cellulaire 
et du réarrangement permanent du réseau de polymères. Ce dynamisme est crucial pour la 
plante car il assure une croissance maîtrisée des cellules tout en conservant une certaine rigidité.  
Mais les parois sont aussi en interaction directe avec l’environnement et les facteurs 
abiotiques. Elles sont donc aussi nécessaires pour la perception du changement 
d’environnement, et les réponses induites. 
I.3.3 Les modifications pariétales en fonction des stress abiotiques 
Les plantes sont exposées régulièrement à des conditions défavorables et à de multiples 
stress abiotiques, lesquels peuvent être récurrents. La paroi végétale étant la première ligne de 
défense des cellules, ces stress peuvent fortement la perturber. L'arrêt de la croissance, observé 
fréquemment sous l’effet d’un stress abiotique (Fig. 10B), est notamment dû à la rigidification 
de celle-ci. Ce phénomène peut être provoqué par une réticulation de composés phénoliques 
estérifiés avec les glycoprotéines pariétales de structure comme les extensines et/ou des 
polymères d'hémicelluloses. Provoquée par une variation d’espèces actives de l’oxygène (ROS 
pour reactive oxygen species) (Tenhaken 2014), ce phénomène engendre une densification des 
réseaux, réduisant l'accès des expansines et des enzymes comme la xyloglucane endo-trans-




Figure 10 : Modélisation de croissance de la paroi des plantes : en conditions non stressées 
(A), sous stress abiotique (arrêt de croissance) (B) tolérantes ou ayant rétabli leur croissance 
par l’action des ROS sur les polymères (C) (Tenhaken 2014). 
Si la production de ROS se poursuit (Fig. 10C), les niveaux élevés qui en résultent 
provoquent des clivages non enzymatiques des chaînes polymères, permettant à la cellule de 
croître à nouveau. Le processus de relâchement de la paroi cellulaire ainsi obtenu est 
fonctionnellement équivalent à une croissance non stressée. Les expansines et les XTH, 
responsables du relâchement de la paroi, sont fonctionnelles, et contribuent à la dynamique 
réversible du stress (Le Gall et al. 2015). La balance entre les ROS et les peroxydases, enzymes 




Les pectines sont également souvent modifiées lors de période de stress. Par exemple 
chez le blé, la propension de synthèse des chaînes latérales des RGI et RGII augmente lors d’un 
stress salin. Les niveaux plus élevés de pectines HG augmentent la proportion de gels hydratés 
dans les parois, limitant ainsi les dommages des cellules (Leucci et al. 2008). Chez Miscanthus 
giganteus, un changement de composition pariétale est induit lors d’une acclimatation au froid 
(Domon et al. 2013) par une augmentation considérable des quantités de N-glucanes ((1 - 3), 
(1 - 4) – β – d - glucane) et d'alcool cinnamique déshydrogénase (CAD). Lors d’un traitement 
aux basses températures, l’acclimatation au froid suggère également une implication de la 
lignification. 
 
Figure 11 : Présentation schématique de la réponse des parois végétales à un stress froid. 
Résultat des différentes études compilées dans l’article de Le Gall et al. 2015. Les flèches 
indiquent l’augmentation d’abondance des composés ; les étoiles signifient des résultats 
contrastés entre les données génétiques et protéomiques dans la littérature ; protéine à 
arabinogalactane (AGP) ; alcool cinnamique déshydrogénase (CAD) ;caffeoyl-CoA 3-O-
methyl-transferase (CCoAOMT) ; cinnamoyl-CoA reductase (CCR) ; caffeate O-
methyltransferase (COMT) ; paroi végétale (CW) ; phénylalanine ammonia-lyase (PAL) ; 
pectine methylesterase (PME) ; peroxydase pariétale (PRX) ; UDP- D -xylose 4-epimerase 
(MUR4) ; kinase associée à la paroi (WAK) ;xyloglucane endo-β-transglucosylases/hydrolases 
(XET/XTH). 
Par son caractère dynamique, la paroi cellulaire n'est pas facile à analyser. La preuve en 
est que la majorité des études portant sur les modifications de la paroi végétale de plantes 
soumises à un stress abiotique se focalise principalement sur les gènes impliqués dans le 
métabolisme des polysaccharides pariétaux (Fig. 11). L’amélioration des technologies 
d’analyse protéomique a tout de même permis d’initier des études comparatives entre des 
protéomes de plantes stressées et des plantes témoins (Ghosh & Xu 2014; Zhang et al. 2016). 
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À ce jour, peu d’études sont réalisées sur l’ensemble de ces jeux de données avec une approche 
dite intégrative. 
I.4 Statistiques et l’intégration de données 
L’analyse statistique d’intégration de différents types de données peut être une aide 
puissante pour identifier de nouveaux candidats (gènes, protéines, métabolites, etc.) et ainsi 
découvrir de nouvelles voies métaboliques qui permettent aux plantes de s’adapter aux 
contraintes environnementales. Le développement des nouvelles technologies offre la capacité 
d'étudier la quantité et la diversité des molécules à différentes échelles (du gène à la plante). Le 
séquençage de génomes d’organismes de référence a permis de prédire avec précision des 
gènes, des ARN et des protéines facilitant ainsi ces approches. La disponibilité des génomes a 
permis le développement des technologies d’analyse à haut débit, dites analyses omiques (Fig. 
12). Parmi lesquelles se trouvent la génomique (pour l’analyse de l’ensemble des gènes), la 
transcriptomique (pour l’analyse de l’ensemble des transcrits), la protéomique (pour l’analyse 
de l’ensemble des protéines), la métabolomique (pour l’analyse de l’ensemble des métabolites), 
etc. Cette terminologie a par la suite été élargie pour couvrir d'autres types de données comme 
par exemple les données phénomiques (pour l’ensemble des phénotypes).  
 
Figure 12 : Représentation de la complexité multidimensionnelle des données biologiques en 
lien avec les avancées dans les technologies à haut débit. L'hétérogénéité des données générées 
peut être attribuée aux différents niveaux d’études, de la cellule à la plante entière en utilisant 
une large gamme de techniques à travers différentes espèces végétales (d’après Rajasundaram 














































Les technologies omiques produisent à débit élevé de grandes quantités de données qu’il 
n’est plus possible d’analyser manuellement. Une nouvelle approche a donc vu le jour, 
fournissant de nouveaux éléments pour analyser ces données et mieux comprendre la réponse 
d’un organisme au stress : cette approche est nommée biologie des systèmes.  
La biologie des systèmes, en tant qu'approche holistique, consiste à intégrer les données 
de diverses disciplines dans des modèles bio-statistiques afin de comprendre la réponse 
physiologique d’un organisme dans sa globalité (Fig. 13). Ainsi, la biologie des systèmes, 
analyse d'une part les réseaux impliqués dans la réponse aux stress, et expose d'autre part la 
dynamique de ces réponses. (Chawla et al. 2011). 
 
Figure 13 : Approche cyclique de la biologie des systèmes lors de la réponse d’une plante à 
différents stress. L’hypothèse biologique est testée et analysée en utilisant un ou plusieurs types 
de données omiques. L'intégration des données suivie de la modélisation permet de valider ou 



















Ces analyses ont largement été développées via l’utilisation du logiciel R et des 
packages associés qui ont vu le jour comme FactoMineR (Lê et al. 2008) ou mixOmics (Lê Cao 
et al. 2009). De façon schématique, les analyses statistiques intégratives sont structurées 
principalement en quatre couches d’analyses, de la plus simple à la plus complexe (Fig. 14) : 
i) l’analyse uni-variée explore une seule variable à la fois (l’expression d’un gène, 
l’abondance d’une protéine, etc.) et se traduit par des statistiques élémentaires comme 
une moyenne, une médiane, des écarts types, etc. qui peuvent être représentées par des 
graphiques simples de type diagramme en barres, boîte à moustaches, etc. 
ii) l’analyse bi-variée permet d’observer les liens entre deux variables qu’elles soient 
catégorielles ou quantitatives. C’est l’analyse la plus couramment utilisée en laboratoire 
car elle permet par exemple d’étudier la corrélation entre le niveau d’expression d’un 
gène et l’abondance de la protéine associée (coefficients de corrélation de Pearson, de 
Spearman), ou d’observer l’effet d’un traitement ou d’un génotype sur l’expression de 
gènes (tests de Student, de Wilcoxon, ANOVA, etc.) ou encore de tester l’indépendance 
de 2 variables catégorielles (test de chi2, test exact de Fisher, etc.). Ces analyses sont 
représentées aussi bien par des diagrammes en boîte que par des matrices de corrélation. 
Ces aspects sont détaillés dans la publication de Saporta (2006) et vulgarisés dans 
l’article de Van Eeuwijk et al. 2016. 
iii) l’analyse multivariée explore un jeu de données dans son ensemble (transcriptomique, 
protéomique, métabolomique, etc.) de façon supervisée ou non : 
a. l’analyse multivariée non supervisée correspond généralement à la mise en œuvre 
d’une Analyse en Composantes Principales (ACP, ou PCA pour Principal 
Component Analysis) qui explique au mieux les informations de l’ensemble des 
données (Bro & Smilde 2014) ou encore à des techniques de classification 
(clustering). Une synthèse des approches exploratoires multidimensionnelles est 
proposée dans Lebart et al. 2006. 
b. l’analyse multivariée supervisée permet, par exemple, de classer les échantillons 
(écotypes, traitements,…) à partir d’informations quantitatives sur ces échantillons. 
Ainsi la régression des moindres carrés partiels en version discriminante (PLS-DA 
pour Partial Least Squares regression Discriminant Analysis) analyse un jeu de 
données en discriminant les échantillons en fonction d’une variable qualitative 
attribuée (écotypes, traitements, etc.) (Barker & Rayens 2003; Pérez-Enciso & 
Tenenhaus 2003). Cette méthode est plus adaptée que la méthode plus classique 
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d’analyse factorielle discriminante dans les cas où le nombre de variables dépasse 
largement le nombre d’individus comme c’est le cas pour les études omiques. 
iv) l’analyse dite multi-blocs, permet d’intégrer ensemble plusieurs jeux de données, 
appelés aussi blocs (transcriptomique, protéomique, métabolomique, etc.). Cette 
méthodologie de statistiques intégratives a des origines relativement anciennes (Carroll 
1968; Kettenring 1971) mais son usage n’a été généralisé que très récemment en partie 
grâce à l’essor de la biologie des systèmes mais ne comporte que peu de modèles. Ces 
analyses multi-bloc peuvent être supervisées ou non : 
a. les analyses multi-blocs non supervisées comme la PLS et la CCA (pour Canonical 
Correlation Analysis) qui mettent en lien deux blocs quantitatifs entre eux 
(transcrits et protéines, transcrits et climatologies, etc.) ont été étendues, d’une part, 
pour traiter les cas avec de nombreuses variables (González et al.) et d’autre part 
pour traiter plus de 2 blocs simultanément (Tenenhaus 2011 & 2014). 
b. les analyses supervisées de type multi-blocs ont été développées encore plus 
récemment (Günther et al. 2014; Singh et al. 2016). Elles permettent d’intégrer ces 
mêmes blocs mais avec un a priori sur une classe de variable qualitative 
préalablement attribuée. 
 
Enfin, toutes les analyses multivariées et multi-blocs peuvent être effectuées en ajoutant 
des pénalités de type LASSO (pour Least Absolute Shrinkage and Selection Operator) 
(Tibshirani 1996). Ce mode d’analyse sélectionne les variables les plus informatives des jeux 
de données en supprimant les moins informatives, permettant ainsi de faire ressortir les 
candidats ayant les profils les plus intéressants pour le biologiste. Ce mode d’analyse est 
implémenté dans le package mixOmics sous le nom de Sparse comme la s-PCA (Sparse PCA) 
et la s-PLS (Sparse PLS). Ces analyses de statistiques sont détaillées plus spécifiquement dans 





Figure 14 : Schéma des méthodes statistiques d’analyses de données. A) Structure et nature 
des données utilisées lors d’analyses intégratives. B) Vue d’ensemble des différentes étapes de 
la méthodologie globale lors d’une analyse intégrative. A chaque étape supplémentaire de 
l’analyse, les résultats sont confrontés aux analyses précédentes permettant une décomposition 
des informations observées.  
L’interprétation des données devient de moins en moins triviale avec l’augmentation du 
nombre d’analyses cumulées. La discussion entre le statisticien et le biologiste est donc 










I.5 Les objectifs de la thèse 
Les objectifs de ce projet de thèse étaient d'évaluer les réponses d’A. thaliana face au 
réchauffement climatique par une approche intégrative innovante alliant l'écologie, la 
génétique, les technologies omiques et des données de phénotypages. Pour relier ces résultats à 
une problématique de réchauffement climatique, ces analyses ont porté sur des populations 
naturelles provenant d'altitudes contrastées des Pyrénées. 
Une approche intégrative n’est possible que lorsque des données aussi différentes que 
des données d’expression de gènes et de protéines, des données de météo ou des analyses 
phénotypiques sont produite. La première partie de ce manuscrit portera sur les verrous 
expérimentaux et analytiques rencontrés et inhérents aux traitements de données hétérogènes.  
La seconde partie détaillera les analyses génétique et phénotypique réalisées sur les 
nouvelles populations identifiées et récoltées dans les Pyrénées. De plus, les liens entre 
génétique, origine climatique et spécificité phénotypique mettront en évidence la distribution 
et la variabilité naturelle des populations pyrénéennes. 
La dernière partie du manuscrit englobera deux études intégratives de données omiques 
sur la thématique de la plasticité pariétale soumise à des conditions de températures optimales 
et sub-optimales. La première étudie des rosettes de deux écotypes connus provenant de 
conditions de croissances contrastées. La seconde est basée sur l’analyse des rosettes et des 






















Au cours de cette étude, deux verrous principaux ont dû être levés : (i) un verrou 
expérimental lié à l’hétérogénéité des nombreux jeux de données omiques produits et (ii) un 
verrou analytique lié au traitement de ces données hétérogènes. Afin de répondre à ce premier 
verrou, une méthodologie et une analyse spécifiques ont étés développées sur l’écotype de 
référence Columbia (Col).  
 
II.1 Protocole expérimental 
Des expériences de phénotypage, d’analyse des monosaccharides pariétaux, de 
protéomiques pariétales, ainsi que de transcriptomiques ont également étés effectuées en 
chambre de culture (90 µmol.photons.m-2.s-1, 70 % d’humidité avec une photopériode de 16 h) 
à deux températures : 22 et 15°C. 
Le choix de ces valeurs températures a été fait sur la base des critères suivants. Tout 
d’abord, la condition de culture à 22°C est considérée comme une condition standard pour cette 
espèce (Boyes et al. 2001) permettant d’obtenir un état physiologique de référence. Au 
contraire, la condition de culture à 15°C représente une condition dite « sub-optimale » qui est 
caractérisée généralement par un ralentissement du développement de la plante. Cultivées dès 
le début à cette température les plantes s’acclimatent à ce stress modéré et vont mettre en avant 
au travers de leurs plasticités phénotypiques, des capacités d’adaptation. 
La première partie de la thèse a consisté à produire de larges jeux de données 
quantitatives et reproductibles pour être utilisées à des fins d’analyses statistiques. L’analyse 
de protéines pariétales nécessitait une quantité suffisante de matériel biologique. Afin de 
répondre à ce prérequis, une vingtaine de plants d’A. thaliana ont étés produits dans chaque 
condition. 
 
II.2 Le macro-phénotypage 
Dans ce travail, les données de macro-phénotypage sont essentielles car elles illustrent 
les variations morphologiques liées à une adaptation que l’on cherche à expliquer. 
Le phénotypage des rosettes a été réalisé après 4 et 6 semaines pour les rosettes ayant 
poussé respectivement à 22 et 15°C, dates auxquelles le bourgeon d’initiation de la tige 
principale apparaît. Ainsi, le nombre de feuilles, la masse et le diamètre des rosettes ont été 
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analysés. Une photographie a systématiquement été prise (Fig. 15) avant collecte dans l’azote 
liquide pour déterminer l’aire de la surface exposée des rosettes via le logiciel ImageJ v. 1.51. 
 
Les tiges ont été récoltées à 6 semaines à 22 °C et 8 semaines à 15 °C. Dans les deux 
conditions, lors de la récolte, la hauteur, le diamètre, la masse des tiges et le nombre de feuilles 
caulinaires ont été analysés. Pour finir, une photographie a été réalisée avant la congélation de 
chaque plante (Fig. 15). 
 
Figure 15 : Illustrations de l’écotype de référence Col cultivé à 22°C. A) rosette d’A. thaliana 
au moment de l’apparition du bourgeon d’initiation de la tige principale. B : tige principale 
lors de la récolte. 
 
II.3 Le micro-phénotypage 
Dans un deuxième temps, l’étude anatomique des rosettes et des tiges (micro-
phénotypage) a permis de relier le macro-phénotypage aux analyses moléculaires. Afin 
d’observer les différences anatomiques entre les rosettes et les tiges d’A. thaliana, des coupes 
transversales de ces tissus ont été réalisées. L’observation en lumière blanche après coloration 
ou en UV permet de visualiser certains composants de la paroi. Cette approche permet une 
analyse qualitative, telle que la composition en composés hydrophobes par un ratio de 
coloration bleu Alcian / rouge Astra (Fig. 16A). Des données quantitatives, comme le 
dénombrement de vaisseaux conducteurs ou la taille des pétioles ont aussi servi à compléter les 




Figure 16 : A) Coupe transversale de rosette cultivée à 15°C colorée au bleu Alcian et rouge 
Astra. Barre d’échelle : 5 mm ; B) Analyse par auto-fluorescence d’un pétiole de rosettes de 
Col poussé à 15°C. Barre d’échelle : 100 μm ; C) Coupe transversale de tige principale cultivée 
à 15°C colorée au bleu Alcian et rouge Astra et D) analysée par auto-fluorescence. Barre 
d’échelle : 500 µm 
Les conclusions tirées de ces analyses ont été complétées par des analyses 
immunologiques de la composition en polysaccharides de la paroi (détaillé en partie IV.1). 
 
II.4 Les analyses des sucres pariétaux 
L’extraction des polysaccharides pariétaux nécessite une préparation spécifique des 
parois. Pour cela, les rosettes et tiges ont tout d’abord été lavées puis mixées dans un tampon 
d’acétate et saccharose accompagné d’un cocktail inhibiteur de protéases. La purification des 
parois a été réalisée suivant le protocole décrit par Feiz et al. (Feiz et al. 2006) ; l’extraction 
séquentielle des polysaccharides, adaptée d’Irshad et al. (Irshad et al. 2008), est détaillée dans 
l’article (Duruflé et al. 2017). 
Après hydrolyse acide, sept monosaccharides (Rha, Ara, Gal, Fuc, Glc, Xyl et GalA) 
ont été détectés par HPAEC (High Performance Anion Exchange Chromatography) (Fig. 17). 
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Il est à noter que la dernière fraction (E5) enrichie en cellulose n’a pas été analysée en raison 
de l’utilisation de cadoxen (cadmium ethylenedianiine) pour son extraction. En effet, ce 
composé ne permet pas une hydrolyse acide dans nos conditions. 
 
Figure 17 : Schéma récapitulatif de l’analyse des polysaccharides pariétaux. Après une 
extraction séquentielle, les 5 extraits obtenus (E1, E2, E3, E4 et E5) sont hydrolysés en 
condition acide et les monosaccharides ainsi obtenus sont analysés par HPAEC. 
L’analyse des sept monosaccharides provenant des quatre premiers extraits (E1-E4) 
peut difficilement être associée à une analyse statistique intégrative en raison de la difficulté 
d’interprétation biologique. Pour permettre l’étude de la variabilité de la composition des 
parois, les polysaccharides ont été reconstruits à partir des données issues de l’analyse des 
monosaccharides. Cette reconstruction utilise les formules suivantes adaptées de Houben et al. 
2011 (Tab. I). 
Table. I : Reconstruction des polysaccharides pariétaux par l’analyse des monosaccharides. 
Les formules sont adaptées d’Houben et al.2011 ; masse moléculaire du GalA (MGalA), masse 
moléculaire du Rha (MRha). 
Polysaccharides Formule 
Pectine rhamnogalacturonane 1 (Rha x (1 +
MGalA
MRha )) + Ara + Gal 




Xyloglucane Fuc + Glc + Xyl 
Pectine linéaire (GalA -Rha) / ((Rha x (1 +
MGalA
MRha
)) + Ara + Gal) 
Contribution des RG dans les pectines (Rha x (1 +
MGalA
MRha
)) / (GalA - Rha) 






Ces analyses en polysaccharides reconstitués seront utilisées par la suite lors des 
analyses intégratives. La structuration et le remaniement de ce réseau complexe de 
polysaccharides est dynamique. Les protéines pariétales sont essentielles à cette plasticité de 
par leurs interactions qui forment des assemblages supramoléculaires complexes. Il est ainsi 
impératif de prendre en compte l’identification et l’étude des différentes variations en 
abondance des protéines pariétales. 
 
II.5 L’analyse du protéome pariétal des rosettes d’A. thaliana. 
Le protéome pariétal de rosette d’A. thaliana est peu connu avec seulement 148 
protéines pariétales identifiées sur les 700 prédites comme étant sécrétées (WallProtDB, 
http://www.polebio.scsv.ups-tlse.fr/WallProtDB/). Les études précédemment réalisées sur cette 
organe ont été réalisées avec une méthode non destructive d’infiltration sous vide (Boudart et 
al. 2005; Haslam et al. 2003; Trentin et al. 2015).  
A l’occasion de la mise en œuvre de notre projet, deux méthodes d’analyse des 
protéomes ont été utilisées : 
i) une méthodologie destructive d’extraction des protéines pariétales suivie d’une séparation 
par une electrophorèse-1D courte. Chaque piste a ensuite été découpée en trois bandes pour être 
analysée en spectrométrie de masse (MS). Cette séparation permettait de diviser par trois le 
nombre de protéines analysées à chaque passage en spectrométrie de masse, augmentant ainsi 
la couverture et la finesse de l’analyse ; 
ii) une méthodologie reposant sur la même méthode destructive d’extraction de protéines 
pariétales, mais cette fois suivie d’une stratégie de type shotgun pour l’analyse en MS. Cette 
technique a notamment permis de réduire considérablement le temps d’analyse. 
Il était important de comparer les différentes méthodologies et techniques d’analyse 
avant de poursuivre par une exploitation quantitative. Cette étude comparative est d’ailleurs 
discutée dans une publication parue dans la revue Proteomics, reprise intégralement ci-après. 
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Plant cells are surrounded by cell walls playingmany roles during development and in response
to environmental constraints. Cell walls are mainly composed of polysaccharides (cellulose,
hemicelluloses and pectins), but they also contain proteins which are critical players in cell wall
remodeling processes. Today, the cell wall proteome ofArabidopsis thaliana, amajor dicotmodel
plant, comprises more than 700 proteins predicted to be secreted (cell wall proteins—CWPs)
identified in different organs or in cell suspension cultures. However, the cell wall proteome
of rosettes is poorly represented with only 148 CWPs identified after extraction by vacuum in-
filtration. This new study allows enlarging its coverage. A destructive method starting with the
purification of cell walls has been performed and two experiments have been compared. They
differ by the presence/absence of protein separation by a short 1D-electrophoresis run prior to
tryptic digestion and different gradient programs for peptide separation before mass spectrom-
etry analysis. Altogether, the rosette cell wall proteome has been significantly enlarged to 361
CWPs, among which 213 newly identified in rosettes and 57 newly described. The identified
CWPs fall in four major functional classes: 26.1% proteins acting on polysaccharides, 11.1%
oxido-reductases, 14.7% proteases and 11.7% proteins possibly related to lipid metabolism.
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Plant cells are surrounded by cell walls playing many roles
during development and in response to environmental con-
straints. Cell walls are mainly composed of complex polysac-
charidic networks of cellulose, hemicelluloses and pectins
[1]. They contain many proteins which diversity has been re-
vealed by dedicated proteomics studies [2–4]. These proteins
also called cell wall proteins (CWPs) are critical players in
cell wall remodeling processes and in signaling [5, 6]. Our
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Abbreviation: CWP, cell wall protein
knowledge of plant cell wall proteomes is quickly enlarging
since the beginning of the development of mass spectrome-
try (MS) technologies applied to protein analysis in the early
2000’s. Today, the cell wall proteome of Arabidopsis thaliana,
a major dicot model plant, is the best described. It comprises
more than 700 proteins predicted to be secreted which have
been identified in different organs or in cell suspension cul-
tures, which is between one-third and one-half of its expected
size [7]. However, the cell wall proteome of rosettes is poorly
represented with only 148 CWPs identified after extraction
of proteins from the rosette apoplast by vacuum infiltration
[8–10], described as a non-destructive method [3]. This new
study aims at enlarging the coverage of this proteome using
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Figure 1. 1DE patterns of A. thaliana proteins extracted from pu-
rified rosette cell walls by CaCl2 0.2 M and LiCl 2 M solutions.
Forty g of proteins of each sample (1, 2, 3: biological repeats 1,
2 and 3 of experiment 1, respectively) have been separated by
regular 1DE and stained with Coomassie blue. Molecular mass
(MM) markers are indicated in kDa.
a destructive method for protein extraction starting with the
purification of cell walls [11, 12]. In addition, two different
techniques of protein preparation prior to tryptic digestion
and MS analysis have been compared. They differ at two
levels: (i) one protein extract has been separated by a short
1D-electrophoresis (1DE) run (experiment 1), whereas the
second has been subjected to shotgun analysis (experiment
2) and (ii) the separation of tryptic peptides by liquid chro-
matography (LC) has been performed with a shorter column
(150 mm vs. 300 mm) and a gradient program steeper in
experiment 1 than in experiment 2 (Supporting Information
Fig. S1).
A. thaliana plants have been cultivated in growth chambers
at 22C with a photoperiod of 16 h light/8 h dark. Rosettes
have been collected after 4 weeks. Twenty plants have been
used per biological replicate and three biological replicates
have been performed for each experiment. Briefly, cell walls
have been purified as described [12]. Proteins have been ex-
tracted from lyophilized cell walls in four steps using a 5
mM acetate buffer pH 4.6 complemented with 0.2 M CaCl2
(two successive extractions) or 2 M LiCl (two successive ex-
tractions) [11]. The four salt extracts were pooled to get the
protein samples to be analyzed. Typically, 35 mg dry cell
walls/g fresh material and 0.57 mg proteins/g fresh material
were obtained. The quality of the protein extracts has been
checked by regular 1DE. The presence of thin well-separated
bands after Coomassie blue staining showed the absence of
protein degradation. In addition, all three biological repeats
for each experiment looked similar (see Fig. 1 showing the
samples of experiment 1).
Experiment 1 included a short separation (5 mm run)
of proteins by 1DE, followed by a cutting of the gel in
three pieces prior to tryptic digestion of proteins in gelo
[13]. Experiment 2 was a shotgun protein analysis directly
after their extraction from purified cell walls. Proteins were
digested in solution by trypsin as described [14]. For the
two experiments, LC-MS/MS analyses were performed with
a Q-exactive mass spectrometer (Thermo Fisher Scientific,
Villebon-sur-Yvette) as described in Supporting Information
Fig. S1. The X!Tandem software was used for protein
identification [15] and the X!Tandem pipeline for MS data
processing http://www.thegpm.org). The detailed procedure
for LC-MS/MS analysis and the parameters used for peptide
and protein identification are detailed in Supporting Informa-
tion Tables S1–S2 (sheets “parameters”). The false discovery
rates (FDRs) used for peptides and proteins are the following
ones: 0.079% and 0%, respectively, for experiment 1; 0.076%
and 0%, respectively, for experiment 2. All the MS/MS data
have beenmade publicly available in the PROTICdb database
(/http://moulon.inra.fr/protic/cell_wall_athaliana_rosettes)
[16]. Those regarding the CWPs can be found in
WallProtDB as well as their functional annotations
(http://www.polebio.lrsv.ups-tlse.fr/WallProtDB) [17]. The
identification of a given protein has been validated in one
experiment when at least two proteotypic peptides of this
protein were present in at least two biological replicates.
Proteins have been annotated using the ProtAnnDB pipeline
to predict sub-cellular localization and functional domains
(http://www.polebio.lrsv.ups-tlse.fr/ProtAnnDB) [18]. Only
the proteins having a predicted signal peptide, no endo-
plasmic reticulum retention signal and no more than one
trans-membrane domain have been retained as CWPs. These
predictions are done with several bioinformatics program
and literature data are used when available to refine this
analysis.
Altogether, 1093 proteins have been identified among
which 328 have been predicted as CWPs. Experiments 1 (1D-
E) and 2 (shotgun) have allowed the identification of 286 and
250 CWPs, respectively (Fig. 2A and Supporting Information
Tables S1–S3). Even if a great proportion of the identified
CWPs are in common between the two experiments, 78 have
been specifically identified in experiment 1 and 42 in experi-
ment 2. These features may be due to (i) differences in tryptic
digestion efficiency, (ii) the splitting of the protein extract in
three parts in experiment 1 and/or (iii) biological variability
between the two experiments. It seems that CWPs specific to
Experiment 1 or 2 were identified with less proteotypic pep-
tides than those common to the two experiments, suggesting
that they are less abundant proteins (see Supporting Infor-
mation Fig. S2). Finally, the shotgun experiment was more
convenient to handle, but it has led to the identification of
less proteins.
This study has led to a significant enlargement of the
rosette cell wall proteome to 361 CWPs, with 57 CWPs newly
identified, 213 newly identified in rosettes, and 93 specific
to this proteome (Table 1). One-hundred-and-fourteen CWPs
C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Figure 2. Characteristics of the new rosette cell wall proteome
of A. thaliana. (A) Number of CWPs identified in experiment 1
(1DE) vs. number of CWPs identified in experiment 2 (shotgun).
(B) Comparison of the number of CWPs identified in this study
(destructive method) and in previous studies (non-destructive
method) [8–10]. (C) Distribution (%) of CWPs identified in the
overall rosette cell wall proteome (non-destructive and destruc-
tive methods) in functional classes according to bioinformatic
prediction of functional domains: PAC (proteins acting on carbo-
hydrates), OR (oxido-reductases), P (proteases), LM (proteins pos-
sibly related to lipid metabolism), ID (proteins with interactions
domains with carbohydrates or proteins), S (proteins possibly in-
volved in signaling), SP (structural proteins), M (miscellaneous
proteins), UF (proteins of yet unknown function).
Table 1. Number of proteins specific to the enlarged rosette
cell wall proteome and common to other cell wall pro-
teomes: roots [21–23], stems [24], etiolated hypocotyls




Newly identified in rosettes 213
Specific to rosettes 93
Common to roots 219
Common to stems 64
Common to etiolated hypocotyls 135
Common to cell suspension
cultures/liquid medium
109
Data are from WallProtDB (http://www.polebio.lrsv.ups-tlse.fr/
WallProtDB/index.php).
were found to be common between the new rosette cell wall
proteome (destructive method) and the previously described
ones (non-destructive methods) and 34 specific to the previ-
ous ones (Fig. 2B). These differences could be related to the
fact that CWPs interact in various ways with cell wall compo-
nents. The non-destructive method usually allows recovering
proteins with weak interactions with cell wall components.
Suchproteinsmay be lost during the cell wall purification pro-
cedure used in the destructivemethod [2]. These twomethods
are complementary and have allowed increasing the coverage
of the rosette cell wall proteome.
Thedistribution ofCWPs in functional classes has revealed
fourmajor groups: 26.1% proteins acting on polysaccharides,
11.1% oxido-reductases, 14.7% proteases and 11.7% proteins
possibly related to lipid metabolism (Fig. 2C). This distribu-
tion differs slightly from that of Solanum tuberosum mature
leaves with less proteins acting on polysaccharides (33.6%
in S. tuberosum), less proteases (19.8%) and more proteins
possibly related to lipid metabolism (5.3%) [19]. It is also
different from that of Brachypodium distachyon leaves with
less oxido-reductases (13.9% in B. distachyon), less proteases
(18.3%) and more proteins with interactions domains with
polysaccharides or proteins (4.8%) [20].
The comparison of the rosette cell wall proteome to those
of other A. thaliana organs has shown that 219 CWPs were
common with that of roots [21–23], 64 to that of stems [24]
and 135 to that of etiolated hypocotyls [11,12,25]. Besides, 109
CWPs were common to the cell wall proteomes of rosettes
and cell suspension cultures [26–31] (Table 1). Altogether,
the cell wall proteome of A. thaliana remains the best de-
scribed with 766 CWPs indexed in WallProtDB. Each new
set of data allows completing the CWP atlas and identifying
CWPs specific to a given organ or present as housekeepers.
This rosette cell wall proteome has been obtained from 4-
week-old plants. It would be interesting to look for changes
in its composition during plant development or in response to
environmental cues. Such an approach has been undertaken
inB. distachyon and has revealed changes between the protein
profile of young and mature leaves [20]. Finally, the shotgun
strategy appears as an interesting tool to get in a few steps a
cell wall proteome from small amounts of material. It paves
the way for the development of micro-proteomics in order to
identify tissue-specific CWPs and associate these results to
micro-transcriptomics or -metabolomics data for example.
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Cette étude nous a permis de comparer notre méthodologie à celles suivies par les études 
précédentes. En tenant compte de la faible quantité de protéines produites et du nombre 
d’échantillons traités, la stratégie shotgun est apparue très pertinente pour la suite de notre 
étude. C’est donc avec cette méthodologie que l’analyse des protéomes de tige a été traitée. 
 
II.6 Analyse du protéome pariétal des tiges d’A. thaliana. 
Le projet WallOmics tient aussi à étudier la plasticité pariétale au niveau des tiges d’A. 
thaliana. Cet organe, servant essentiellement de support aux fleurs et à la propagation des 
graines, doit résister aux contraintes climatiques et mécaniques. Il se trouve donc que la paroi 
des cellules des tiges est très différente de celle des autres organes de la plante. 
Cependant, malgré son rôle important, une unique analyse du protéome pariétal des tiges 
d’A. thaliana était disponible, permettant l’identification de seulement 86 protéines pariétales 
(Minic et al. 2007). Notre méthodologie, utilisant une méthode destructive de purification des 
parois, devrait permettre d’accroître la couverture et la connaissance du protéome pariétal des 
tiges d’A. thaliana.  
Dans le contexte de l’étude qui suit, une comparaison entre les protéomes de tiges 
existant chez d’autres espèces végétales a été discutée. Cette étude comparative est détaillée 
dans la publication ci-après parue dans la revue Proteomics. 
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Plant stems carry flowers necessary for species propagation and need to be adapted to mechan-
ical disturbance and environmental factors. The stem cell walls are different from other organs
and can modify their rigidity or viscoelastic properties for the integrity and the robustness
required to withstand mechanical impacts and environmental stresses. Plant cell wall is com-
posed of complex polysaccharide networks also containing cell wall proteins (CWPs) crucial to
perceive and limit the environmental effects. The CWPs are fundamental players in cell wall
remodeling processes, and today, only 86 have been identified from the mature stems of the
model plantArabidopsis thaliana.With a destructivemethod, this study has enlarged its coverage
to 302 CWPs. This new proteome is mainly composed of 27.5% proteins acting on polysaccha-
rides, 16% proteases, 11.6% oxido-reductases, 11% possibly related to lipid metabolism and
11% of proteins with interacting domains with proteins or polysaccharides. Compared to stem
cell wall proteomes already available (Brachypodium distachyon, Sacharum officinarum, Linum
usitatissimum, Medicago sativa), that of A. thaliana stems has a higher proportion of proteins
acting on polysaccharides and of proteases, but a lower proportion of oxido-reductases.
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Plants, being sessile, are adapted to withstand environmental
stresses. In natura, the major impact consists in mechanical
disturbance by other organisms and also by environmental
factors, such as rain, temperature or wind. The plant cell wall
represents an external physical barrier crucial to perceive and
limit the effects of environmental changes on plant physi-
ology [1]. As major contributors to the plant shape and to
the function of the different organs, cell wall rigidity or vis-
coelastic properties can be modified [2]. They define specific
Correspondence: Dr. E. Jamet, UMR 5546 UPS/CNRS, Laboratoire
de Recherche en Sciences Ve´ge´tales; BP 42617, F-31326 Castanet-
Tolosan, France
E-mail: jamet@scsv.ups-tlse.fr
Abbreviations: CE, carbohydrate esterase; CWP, cell wall protein;
GH, glycoside hydrolase; PME, pectin methyl esterase; Prx, class
III peroxidase
individual cell surfaces and manage the remodeling. Cell
walls also participate in cell-to-cell adhesion required for or-
gan integrity and for the robustness required to withstand
mechanical impacts and environmental stresses [3].
Plant cell walls are mostly composed of complex networks
of polysaccharides (cellulose, hemicelluloses, pectins) [4] and
proteins [5]. These proteins also called cell wall proteins
(CWPs) are estimated to represent about 10% of the cell wall
mass [6]. CWPs contribute to most of the modifications of
the cell wall composition and architecture as well as to the
phenotype by perceiving fluctuations of the environment and
remodeling the cell wall [7, 8].
Arabidopsis thaliana stemsplaymany roles in development,
transport of waters and nutrients and takes on the role of
erecting flowers and siliques as high as possible to increase
Colour Online: See the article online to view Figs. 1 and 2 in colour.
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the success species propagation. As a consequence, their
cell walls exhibit a dynamics, a structure and a composition
different from those of other organs [9]. A previous study of
the cell wall proteome of A. thaliana stems has led to the
identification of 86 CWPs after extraction of total proteins
with a buffer containing 0.2 M CaCl2 and affinity chromatog-
raphy on Concanavalin A to trap N-glycoproteins [10]. This
new study aims at increasing the coverage of the A. thaliana
stem cell wall proteome by using a destructivemethod relying
on the purification of cell walls followed by an extraction of
proteins with buffers containing 0.2 M CaCl2 and 2 M LiCl.
A. thaliana plants have been cultivated in growth chambers
at 22C with a photoperiod of 16 h light/8 h dark. Mature
stems have been collected after 6 weeks, i.e. 2 weeks after the
bolting stage. Twenty plants have been used per biological
replicate and three biological replicates have been performed
for each experiment. Cell walls have been purified as de-
scribed [11]. Proteins have been extracted by four successive
washings of cell walls with 5 mM acetate buffer pH 4.6 com-
plemented with 0.2 M CaCl2 (twice) or 2 M LiCl (twice). The
four protein extracts were combined prior to further analysis.
Typically, 100 mg dry cell walls/g fresh material and 2 mg
proteins/g dry material were obtained. The same amount of
each protein extract from the three biological replicates have
been separated by 1DE and stained with Coomassie blue to
check their quality.
The procedure used to identify proteins was the same
as the one described as experiment 2 in a previous work,
which is a shotgunMS analysis [12] (Supporting Information
Fig. S1). Briefly, the protein extracts have been digested
in solution as described [13]. The samples were then
analyzed by LC-MS/MS with a Q-Exactive mass spectrometer
(Thermo Fisher Scientific, Villebon-sur-Yvette, France)
(see Supporting Information Fig. S1). The parameters
used for peptide and protein identification are indicated
in Supporting Information Table S1 (sheet “parameters”).
The false discovery rates (FDRs) for proteins and peptides
were 0.0% and 0.0615%, respectively. The X!Tandem
software (www.thegpm.org) and the X!Tandem pipeline have
been used for MS data processing and protein identifica-
tion (pappso.inra.fr/bioinfo/xtandempipeline/) [14]. All the
MS/MS data have beenmade publicly available in PROTICdb
(http://proteus.moulon.inra.fr/w2dpage/proticdb/angular/)
[15] and those regarding CWPs in WallProtDB
(www.polebio.lrsv.ups-tlse.fr/WallProtDB) [16]. The iden-
tification of a given protein has been validated when at
least two specific peptides were found in at least two
biological replicates. The annotation of the proteins has been
performed with the ProtAnnDB pipeline which includes
several bioinformatics programs to predict the sub-cellular
localization of the proteins as well as their functional do-
mains (www.polebio.lrsv.ups-tlse.fr/ProtAnnDB) [17]. Only
the proteins with a predicted signal peptide, no ER retention
signal and eventually one trans-membrane domain have
been considered as CWPs [18]. This latter case corresponds
to that of plasma membrane receptors.
Figure 1. 1DE patterns of A. thaliana proteins extracted from pu-
rified stem cell walls with 0.2 M CaCl2 and 2 M LiCl buffered
solutions. 40 g of each sample (1, 2, 3: biological replicates 1,
2, 3, respectively) have been separated by 1DE and stained with
Coomassie blue. Molecular mass markers (MM) are in kDa.
On the three 1DE patterns corresponding to the three bio-
logical repeats (Fig. 1), protein bands appeared well resolved
as expected in the absence of significant protein degradation.
In addition, the three profiles looked very similar, thus show-
ing the reproducibility of the experiment. This was confirmed
after the identification of the proteins by LC-MS/MS since
85% of the proteins identified have been found in the three
replicates (Supporting Information Table S1). Altogether, 951
proteins have been identified in at least two biological repli-
cates, among which 808 (85.0%) in the three biological repli-
cates and 143 (15.0%) in two out of three of them: 42 pro-
teins (4.4%) were identified in biological replicates 1–2, 50
(5.3%) in biological replicates 2–3, and 51 (5.4%) in biological
replicates 1–3. This elevated level of reproducibility is very
promising for comparative analysis using large scale pro-
teomics approaches, skipping the step of protein separation
prior to MS/MS analyses.
Among the 951 identified proteins, 302 (31.8%) have been
predicted to be secreted and named CWPs (Supporting In-
formation Tables S1 and S2). The other 649 proteins (68.2%)
have been considered as intracellular proteins contaminating
the cell wall preparation. This percentage of intracellular pro-
teins was higher than that observed in other plant stem pro-
teomes obtained using similar methods to extract proteins
from purified cell walls, such as Brachypodium distachyon
(39.8% and 24.5%of intracellular contamination in apical and
basal internodes, respectively) [19], Saccharum officinarum
(44%) [20], Medicago sativa (27–37%) [21, 22] and Linum usi-
tatissimum (31%) [23]. This percentage of intracellular pro-
teins was also much higher than that observed (12.7%) in
a previous N-glycoproteome study performed on A. thaliana
stems [10]. In this latter case, the study focused on proteins
targeted to the secretion pathway where the glycosylation of
proteins occurs and which is the classical route to the cell wall
C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
Proteomics 0, 0, 2017, 1600449 (3 of 5) 1600449
Figure 2. Features of the A. thaliana stem cell wall
proteome. (A) Comparison of this work to that
of Minic et al. (2007) [10] based on ConA affin-
ity chromatography to isolate secreted proteins.
(B) Distribution of CWPs into functional classes:
proteins with interacting domains with proteins
or polysaccharides (ID), proteins possibly related
to lipid metabolism (LM), miscellaneous proteins
(M), oxido-reductases (OR), proteases (P), proteins
acting on cell wall polysaccharides (PAC), proteins
possibly involved in signaling (S), structural pro-
teins (SP), and proteins of yet unknown function
(UF). (C) Comparison between the stem cell wall
proteomes of A. thaliana, M. sativa, L. usitatissi-
mum, B. distachyon and S. officinarum. The size
of each cell wall proteome is indicated between
brackets.
[24]. This enrichment in glycoproteins probably explains the
low level of proteins predicted to be intracellular in this exper-
iment. Altogether, the coverage of the stem cell wall proteome
(302 CWPs) has been much enlarged with the identification
of 241 CWPs not identified in the previously published A.
thaliana stem cell wall proteome (Fig. 2A) [10]. In addition, 39
newCWPsnot yet identified inA. thaliana cell wall proteomes
(www.polebio.lrsv.ups-tlse.fr/WallProtDB) were found.
The CWPs have distributed into functional classes accord-
ing to the prediction of functional domains [5] (Fig. 2B). As in
other cell wall proteomes, the class of proteins acting on cell
wall polysaccharides like glycosyl hydrolases (GHs), pectin
methylesterases (PMEs), carbohydrate esterases (CEs) and ex-
pansins is the most populated (27.5%). The class of proteases
is the secondmost important one (16.5%) with Asp proteases,
Cys proteases, Ser carboxypeptidases and Ser proteases of the
subtilisin type as the main families. Of similar importance
are the classes of oxido-reductases (11.6%), proteins possibly
related to lipidmetabolism (11.0%), and proteinswith interac-
tion domains with proteins or polysaccharides (11%). Among
the oxido-reductase, there are several class III peroxidases
(Prxs) playing roles in the cross-linking of structural proteins
and of monolignols and/or in the non-enzymatic breakage
of polysaccharides [25], laccases possibly involved in ligni-
fication or in oxidative polymerization of flavonoids [26, 27],
andmulticopper oxidases of the SKU (SKEWEDROOT) fam-
ily [28]. Miscellaneous proteins and proteins of yet unknown
function represent 10.1% and 7.6% of the proteome, respec-
tively. The signaling and structural proteins functional classes
are minor ones representing 3.7% and 0.9% of the proteome
respectively. As in previous cell wall proteomics studies, it has
not been possible to extract covalently cross-linked structural
proteins for lack of using a dedicated protocol [29]. Regarding
signaling proteins, several fasciclin-like arabinogalactan pro-
teins (FLAs) have been identified. Such proteins have been
found to be associated to secondary wood formation in [30]
or to tension wood in poplar [31].
The enlarged stem cell wall proteome can be compared
to that of rosettes which has been obtained using a similar
protocol [12] (see Supporting Information Table S2 andWall-
ProtDB, http://www.polebio.lrsv.ups-tlse.fr/WallProtDB/).
Two hundreds and 41 CWPs were common to both pro-
teomes whereas 86 were specific to the stem cell wall pro-
teome. The distribution into the nine functional classes was
similar in both organs. The organ-specificity was mainly ob-
served at the level of members of multigene families, as in
many plant cell wall proteomes [18]. As an example, five Prxs
(AtPrx03, 17, 22, 28, 64) were only identified in stemswhereas
four Prxs (AtPrx32, 37, 39, 51) were only found in rosettes.
In the same way, two expansins (AtEXPA23, AtEXPB3) were
C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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only identified in stems, while five (AtEXPA1, 3, 4, 6, 11)
were only found in rosettes. Besides, a few protein families
were only found in stems, e.g. laccases (AtLAC2, 4, 11).
Asmentioned above, several stem cell wall proteomes have
been already studied in A. thaliana [10], M. sativa [21, 22], L.
usitatissimum [23], B. distachyon [19] and S. officinarum [20].
These proteomes have been obtained using similar strate-
gies. Briefly, cell walls have been purified prior to extraction
with salt solutions and proteins have been identified by LC-
MS/MS after tryptic digestion. The proteomics data were re-
trieved from WallProtDB in which all the proteins have been
annotated and classified in the same way using the ProtAn-
nDB pipeline [16,17] and they have been compared (Fig. 2C).
An overall picture of these proteomes can be obtained by
comparing the distribution of the CWPs identified into func-
tional classes. Differences in these distributions can be ob-
served. However, it was not possible to distinguish dicots (A.
thaliana, L. usitatissimum andM. sativa) andmonocots (B. dis-
tachyon and S. officinarum) as two different groups of plants,
although they have different types of cell walls [4]. The stem
cell wall proteome of A. thaliana has three main characteris-
tics when compared to the four other proteomes (Fig. 2C and
Supporting Information Table S3): (i) a higher proportion of
proteins acting on polysaccharides with the presence of more
GHs and CEs; (ii) a lower proportion of oxido-reductases due
a low number of Prxs; (iii) a higher proportion of proteases
which are mainly Ser proteases of the subtilisin type and Ser
carboxypeptidases. On the contrary, (i) the stem cell wall pro-
teome of L. usitatissimum has a low proportion of CEs and
proteases with the exception of Asp proteases, but a high pro-
portion of expansins, Prxs, multicopper oxidases, protease
inhibitors, fasciclin AGPs, germins and purple acid phos-
phatases [23] whereas (ii) that of S. officinarum has a particu-
larly high proportion of Prxs, Asp proteases, LTPs and thau-
matins [20]. These differences could be due to different stages
of development and/or differences in cell wall composition,
but also to the higher copy number of some protein families
such as Prxs (e.g. 73 and 141 in A. thaliana and L. usitatis-
simum, respectively, peroxibase.toulouse.inra.fr). Only the B.
distachyon cell wall proteomics study has considered stems at
two developmental stages, basal and apical internodes [20].
It has been shown that the proportion of proteins acting on
carbohydrates was slightly higher in apical internodes than
in basal internodes (23.5% vs. 19.4%), whereas it was the
contrary for oxido-reductases (18.0% vs. 21.2%). The stems
of L. usitatissimum are very different from those of A. thaliana
and M. sativa since they contain fibers which have thick
secondary walls mainly composed of cellulose microfibrils
and non-cellulosic polysaccharides such as hemicelluloses
and pectins, but very low amount of lignin [32]. Only the full
understanding of the roles of all CWPs will allow correlating
CWP profiling to cell wall composition and structure.
With this new cell wall proteomics study, the total number
of A. thaliana CWPs identified is of 805, that is between two
fifths and one half of the expected total number of CWPs [33].
The cell wall proteomics atlas of A. thaliana thus remains
the best described, including large proteomes for all vege-
tative organs (roots, rosettes and stems) as well as etiolated
hypocotyls and cell suspension cultures [12, 18, 34]. This de-
scription should nowbe completed by the analysis of different
stages of development of each organ and of post-translational
modifications. Recent improvements in cell wall proteomics
strategies such as reduction of the required amount of starting
material [35] and development of lectin-affinity chromatogra-
phy techniques to characterize glycosylations [36, 37] have
paved the way toward the enlargement of our present vision
of the plant cell wall proteomes.
All the MS/MS data have been made publicly available in
PROTICdb (http://proteus.moulon.inra.fr/w2dpage/proticdb/
angular/) [15] and those regarding CWPs in WallProtDB
(www.polebio.lrsv.ups-tlse.fr/WallProtDB) [16].
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Notre étude a permis d’étendre considérablement la connaissance des protéines 
pariétales présentes dans les tiges d’A. thaliana. En effet, l’identification de 241 nouvelles 
protéines offre une vision plus complète de la paroi de cet organe chez A. thaliana. La 
caractérisation de ces protéines permet de mieux appréhender les analyses quantitatives dont a 
besoin l’analyse intégrative. 
 
Les données générées par ces analyses en MS, de protéomes de rosettes et de tiges d’A. 
thaliana ont permis d’évaluer des règles déjà connues de modifications post-traductionnelles. 
Ces modifications ont un impact important sur les protéines en modifient leur conformation, 
leur activité biologique et / ou leur capacité à interagir avec des composants de la paroi. L’une 
de ces principales modifications est la glycosylation. À partir de l'étude des modèles 
d'hydroxylation des prolines de cinq protéines pariétales obtenues, des règles sont proposées et 
discutées et que des nouveaux modèles sont décrits.  
Ce travail, qui ouvre la voie à une meilleure connaissance des protéines pariétales et de 
leurs modifications post-traductionnelles est détaillé dans l’article « Hydroxylation of Pro 
residues (Hydroxyproline) in cell wall proteins: is it possible to define a rule? » soumis pour 
publication dans Frontiers in Plant Science (Annexe) 
 
Cette première partie de notre travail a permis de produire en grandes quantités des 
données expérimentales diverses pouvant être utilisées par la suite dans des analyses statistiques 
intégratives. Ces méthodes ont pu être appliquées lors des analyses du projet WallOmics portant 
sur des populations naturelles d’A. thaliana cultivés à 15 et 22°C. 
Le verrou expérimental limitant la production de données étant levé, le verrou 






II.7 Un cadre pour l'analyse des données omiques: des statistiques uni-
variées à l'analyse intégrative multi-blocs 
L’analyse d’un simple jeu de données omiques ne permet pas de comprendre un système 
biologique complexe dans son ensemble ; pour cela, il est nécessaire de combiner et d’intégrer 
plusieurs jeux de données à des échelles différentes. Les analyses multi-échelles permettent au 
biologiste d’appréhender l’impact que génère un stress biotique ou abiotique sur le 
développement d’une plante. Par comparaison avec un état ou un écotype témoin, il est alors 
possible d’identifier et de mettre en lien de nouveaux gènes/protéines candidats possiblement 
impliqués dans la réponse à ce stress. Ce type d’analyse est bien adapté pour l’étude de grands 
jeux de données qui ne peuvent pas être analysés manuellement en détail. Il devient même 
fondamental lors d’études comportant plusieurs jeux de données omiques, nommément 
« blocs ».  
Dans notre étude, quatre populations naturelles d’A. thaliana provenant des Pyrénées 
(Roch, Grip, Hern et Hosp) sont analysées (détaillées dans la partie III) en présence de l’écotype 
de référence Col. Après une mise en culture de triplica biologiques à deux températures (22 et 
15°C), représentant chacun une vingtaine de plantes, les rosettes et les tiges ont alors été 
étudiées via une analyse multi-blocs. De par la grande quantité de données obtenues, il nous a 
paru pertinent de considérer l’intégration de données omiques hétérogènes pour lever le verrou 
analytique de notre projet. 
Des discussions entre biologistes et statisticiens, initiée à l’occasion de ce projet, ont 
soulevés de véritables interrogations comme la mise en place d’un protocole expérimental 
adapté, l’analyse des données et le lien existant entre la nature des analyses mises en œuvre, et 
les conclusions qu’il est possible d’en tirer.  
L’ensemble de ces réflexions, ainsi que la méthodologie statistique, sont détaillées dans 
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The high-throughput measurements of new techniques available used in biological 
studies require specific and adapted statistical treatments. We propose a framework to manage 
and analyse multi-omics heterogeneous data to carry an integrative analyse out. Natural 
populations of the model plant Arabidopsis thaliana are employed in this casework. In this 
project, four omics data sets (phenomics, metabolomics, cell wall proteomics and 
transcriptomics) have been collected, analysed and integrated in order to study the cell wall 
plasticity of plants exposed to different sub-optimal temperature growth conditions. Because 
each biological questions are associated to one method, the methodology presented starts from 
account basic univariate statistics to a multi-block integration analysis. The question about the 
utility to conduct an integrative analysis brought the question of the data processing, the missing 
data, the numerical and graphical outputs up. We do not comment any biological interpretation 
of the results discussed in the article (Duruflé, in preparation). We highlight instead each 
method of the statistical analysis limits, and show how a biologist has to interpret and take over 
the conclusions of a statistical study. This article provides to biologists a better understanding 
of the statistical integration and how to include it into a global reflexion. 
 







Biological processes require ever more complex measurements. Today, biologists have 
plethora of new techniques available to address their questions. The high-throughput 
measurements have revolutionized the way to predict and evaluate the behaviour of organisms 
towards their environmental changing. Nowadays, one biological sample can deliver many 
types of “big” data, such as genome sequences (genomics), genes and proteins expressions 
(transcriptomics and proteomics), metabolites profiles (metabolomics) and phenotypes 
observations (phenomics). The revolution of high throughput has also greatly reduced the cost 
of producing the omics data, opening the door to the development of tools for data treatment 
and analysis. 
The heterogeneous data used at different cellular levels are associated to a wide variety 
of techniques sometimes specific to species. These data require a specific experimental design 
and a certain methodology for their monitoring to be valued as best as possible. An experimental 
design not adapted to integrative analysis could complicate the final interpretation of the 
collected data. Moreover, a suitable methodology of analysis can optimize and have point of 
better visibility on the data. To use multi-omics data make it possible to a better understanding 
of a biological system. 
Furthermore, quantification technologies improve accuracy and create great potential 
for elucidating new questions in biology. But this revolution must be carefully used because the 
goal of a quantification analysis is not to validate another. For example, it is known that is 
somewhere difficult to correlate transcriptome and proteome profiles. In a common 
experiments, collecting different types of data helps to understand the effects of one or more 
various experimental conditions. A cohort of hypotheses could be done with multi-omics 
analysis. We can identify biological candidates as biomarkers (e.g. genes, proteins) under 
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complex environmental conditions, or find new complex biochemical regulation at different 
biological level. 
This article focuses on the framework to manage and analyse multi-omics 
heterogeneous data in order to studying cell wall plasticity of the model plant Arabidopsis 
thaliana in two different temperature of growth. It will consider from basic univariate statistics 
to multi-block integration analysis. The graphical visualizations are simple to accomplish with 
all the existing tutorials, but interpret them is not easy. That is why this article will provide to 
biologists a better understanding of the statistical integration and how to include it in a global 
reflexion. 
 
1.2. Why considering integrative analysis? 
Henceforth, it is generally admitted that studying a single omics data is not enough to 
understanding the effects of a treatment in a biological system. To obtain a holistic view, it 
could be interesting and necessary to combine multiple omics analysis. 
To highlight the interest of integrative approaches, let consider a toy example with two 
variables (Vx and Vy) measured on 12 individuals (6 from one group called WT, and 6 from 
another one, called Mut). The values are presented in the table I. 
Statistical tests (Wilcoxon rank sum test and Student t test) have not revealed any 
significate differences between the two groups for none of the two variables Vx and Vy 
analysed separately (p-values greater than 0.3 in Table 1). But, a simple scatterplot (Figure 1) 
highlights the interest of combining the two variables. Indeed, it clearly appears that the two 




Table I: Toy data set containing 12 individuals and 3 variables (1 qualitative Group, and 2 
quantitatives Vx and Vy). P-values indicated on the last two rows are related to two samples 
tests (Wilcoxon rank sum test and Student t test) comparing separately for each variable the 
observations between WT to Mut. 
 
Individual Group Variable Vx Variable Vy 
1 WT 2 2 
2 WT 4.5 3.5 
3 WT 6 4.3 
4 WT 8 5.1 
5 WT 10 6 
6 WT 11 6.5 
7 Mut 3 2.5 
8 Mut 5 3.25 
9 Mut 5.5 3.3 
10 Mut 7 4.2 
11 Mut 8.5 4.8 
12 Mut 9 5 
Test difference 
WT vs Mut 
Wilcoxon rank sum test (p-value) 0.82 0.31 
Student t test (p-value) 0.74 0.39 
 
 
Figure 1: Scatterplot representing Vy values (vertical axis) according to Vx values (horizontal 





In the same vein, we claim that an integrative analysis of several data sets acquired on 
the same individuals will reveal information that single data set analysis would keep hidden. 
Furthermore, this toy example also highlight the interest of relevant graphical representation: 
what the table 1 hides, the Figure 1 shows it clearly. To be strongly convinced about data 
visualisation, the recent work proposed in (Matejka and Fitzmaurice, 2017) is certainly a good 
way. 
In this article, we describe a framework for the analysis of several data sets related to 
the same samples. We illustrate the gaps bridged by each method from the computation of 
univariate statistics to a thorough implementation of multi-block exploratory analysis. The first 
section presents the background of our study and the data sets we have dealt with. More details 
can be found in (Duruflé, in preparation). Then, we presents the several statistical methods 
used to address specific biological questions; numerical and graphical outputs of these methods 
are also detailed. Afterwards, we presents the results, give clues to interpret them and provide 
directions for biological researches. 
 
2. BACKGROUND 
2.1. Biological context 
In the global warming context, seasons are altered with a modification of the 
temperature. The elevation of the temperature is the most studied because it is already observed 
(Savo et al., 2016). Moreover, the occurrence of freezing stress can also appear without any 
previous chilling period and it could become critical to maintain agricultural productivity in the 
future (Gray and Brady, 2016). The model plant Arabidopsis thaliana (L.) Heynh of the 
Brassicaceae family has a worldwide geographical distribution and by the way, is adapted to 
multiple and contrasted environmental conditions. The huge accumulation of molecular data 
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concerning this plant is very helpful for studying complex responses at multiple levels. All the 
scientists advance that this model plant could be applied to other plant species which have an 
economic interest for translational pipeline (Sibout, 2017). 
 
2.2. Experimental design 
First a compromise is necessary to determine the ideal number of biological replicates. 
It is hard to find an agreement between the reality of the biological experimentation (e.g. 
limitation in material, space, time, work force and cost) and the necessity to get robust 
information for the statistical analyses. The method used about the randomization also needs to 
be considered. The experimental protocol must minimize potential external impacts within and 
between the replicates and avoid confounded effects. 
To strengthen the results, biological replicates can be an average of technical replicates, 
if the type of analysis allows it. For the biologist, it is important to know the number of 
experimental repetitions to appreciate the variability between the different conditions. But, for 
a statistician, the information resides into the intrinsic variability of the different samples or 
repetitions. For all these reasons, one sample considered as out of norms by the biologist could 
be interesting in a multi-omics analysis. 
Our experimental design is built with two crossed factors: i) ecotypes with 5 levels (4 
Pyrenees Mountain ecotypes Roch, Grip, Hern, Hosp living at different altitudes and Col, 1 
reference ecotype from Poland living at low altitude), ii) temperature with 2 levels (22°C and 
15°C). For each ecotypes, rosettes and floral stems were collected and analysed. At 22°C, 
rosettes were collected at four weeks, corresponding to the emergence of the floral stem. Floral 
stems were collected at 6, 7 and 8 weeks respectively for Col, Roch and Grip and, Hern and 
Hosp at 22°C. At 15°C, rosettes and stems have been collected two weeks later. More details 
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about the plant culture conditions can be found in (Duruflé, in preparation). At the end, three 
independents biological replicates are analysed. To compensate consequent mass of fresh 
material request for the cell wall purification, 20 plants per sample was used in each condition. 
To minimize the experimental effect, each plant has grown in a randomly place according to 
the experimental design, represented in Figure 2. 
 
Figure 2: Schematic overview of the strategy and experimental protocol used in this study. 
Each circle represents one plant and each colour stands for one ecotype of A. thaliana. This 
experimental design was made in triplica, taking care to change randomly the position of the 
ecotype at each repetition to avoid positioning effects. 
 
2.3. Omics data sets and curation 
In this project, the four following omics data sets (called blocks thereafter) have been collected 
(Figure 3).  
(i) Phenomics, which corresponds to a macro phenotyping analysis was performed 
on two organs. At the end of the experiment and before to be frozen, 9 
parameters were measured: 5 on rosettes (weight, diameter, number of leaves, 
density, projected rosettes area) and 4 related to the floral stems (height, 







(ii) Metabolomics, which corresponds the identification and the quantification of 
seven cell wall monosaccharides (fucose, rhamnose, arabinose, galactose, 
glucose, xylose and the galacturonic acid) was performed by HPAEC-PAD. 
Theoretical cell wall polysaccharides composition has been reconstructed based 
on the monosaccharide analyses following the formula in (Duruflé, in 
preparation). Finally, 6 calculations of polysaccharides were performed.  
(iii) Proteomics (LC-MS/MS analyses) were performed at the PAPPSO proteomics 
platform (pappso.inra.fr/) Proteins quantification was only performed for the cell 
wall proteins previously identified (with ProtAnnDB tool) using the MassChroQ 
software (Valot et al., 2011). At the end, 364 cell wall proteins were identified 
and quantified in the rosettes and 414 in the floral stems. 
Missing data have been replaced with a background noise, in order to facilitate 
statistical analysis. It has been used differently to distinguish validated proteins 
(identification with at least two specific peptides in at least two of the three 
biological replicates of the ecotype/temperature combination), non-validated 
ones (identification of only one specific peptide and/or in only one biological 
replicate) and undetectable proteins (no peptide identified in this combination). 
If the protein was validated, a background noise, corresponding to the minimum, 
and the first statistical quartile of the biological replicate, was applied. If the 
protein was undetectable, a background noise of 6 (value lower than the 
minimum value found in the whole experiment) was applied. This treatment 
allows to combine the quantification process with a qualitative study and 
provides more confidence on the final result.  
(iv) Transcriptomics (RNA-seq) have been performed on an Illumina HiSeq 3000 
(get.genotoul.fr, Auzeville, France) according to the standard Illumina 
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protocols. Short pair-end sequencing reads generated were analysed using CLC 
Genomic Workbench 8.0 software (CLC bio, Aarhus, Denmark). A threshold 
was applied with just one simple rule: each gene had to be expressed more than 
one RPKM in at least one sample. Finally, 19,763 transcripts were analysed in 
the rosettes and 22,570 in the floral stems. 
 
Figure 3: Schematic representation of all the different blocks (or data set) used in this study. 
The samples are represented in rows and variables in columns. Qualitative and quantitative 
blocks are represented in green and grey respectively. 
 
3. TIDY DATA 
Statistical data analysis requires efficient data pre-processing. As expressed in 
(Wickham, 2014), “It is often said that 80% of data analysis is spent on the process of cleaning 
and preparing the data”. So in an integrative analysis framework, each data set need to be 
structured in the same way. He also mention the following statements: 1/ Each variable forms 
a column. 2/ Each observation forms a row (Wickham, 2014). So, in our context, each data set 
is presented with biological samples in rows and variables (transcripts, proteins...) in columns. 
Handling missing data is always a big deal. As expressed by Gertrude Mary Cox 
(American statistician of the 20th century), “the best thing to do with missing values is not to 


























instance, methodologies implemented in the missMDA package (Husson and Josse, 2013) are 
dedicated to the handling of missing values in the context of multivariate data analysis. More 
recently, (Voillet et al., 2016) focused on missing rows in datasets in an integrative framework. 
Inside an integrative study, we can easily be in this latter case if, for instance, the number of 
biological samples are not the same when acquiring transcriptomic and proteomic analyses. The 
main idea to remember would be to deal with missing values with an ad-hoc method taking into 




As mentioned in the Comprehensive R Archive Network (CRAN, cran.r-project.org), R 
“is a freely available language and environment for statistical computing and graphics which 
provides a wide variety of statistical and graphical techniques: linear and nonlinear modelling, 
statistical tests, time series analysis, classification, clustering, etc.” 
R is not user-friendly but it gives access to very recent methodological developments 
and the R community is very active (R-bloggers, R-help, UseR conference...). Furthermore, 
efficient tools such as RStudio (www.rstudio.org) were developed in order to make the 
initiation to R easier. And many resources are available on CRAN to get started with R. Then, 
read, use and adapt existing scripts seems highly reasonable after few hours of practice. 
Regarding specifically the community of biologists, the repository Bioconductor (Gentleman 
et al., 2004) provides tools (including softwares, annotation data and experiment data) for the 
analysis of high-throughput genomic data. 
The energy around R appears in the packages developed by and for the community. So, 
several packages exists to address statistical integrative study. We focus on the mixOmics (Lê 
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Cao et al., 2009) package as it has been partly developed in our team but other packages such 
as FactoMineR (Lê et al., 2008) can also be used for nearly similar purposes. Methodologies 
presented in (Bécue-Bertaut and Pagès, 2008) and (Sabatier et al., 2013) are also alternatives in 
this context. Regarding commercial softwares, we mention that, for instance, SIMCA-P 
(Umetrics) propose several methods to perform integrative analysis and toolboxes for Matlab 
are also available. As mentioned above, we will focus on the use of mixOmics and the 
comparison of softwares is beyond the scope of the present article. 
 
4.2. One purpose one method 
In this section, partly inspired from the tutorial of mixOmics, we want to highlight the link 
between a statistical method and the biological question it intends to address. 
 Purpose: explore one single quantitative variable (e.g. the expression of one gene or 
the values get for one phenotypic variable): univariate elementary statistics such as 
mean, median for main trends, and standard deviation or variance for dispersion can be 
completed with graphical representation such as boxplot. 
 Purpose: assess the influence of one single categorical variable (e.g. ecotype) on a 
quantitative variable (same examples as above) : statistical significance test such as 
Student t test or Wilcoxon rank sum test for two groups and ANOVA or Kruskall-Wallis 
for more groups will address this question. In this context, a special attention must be 
payed to the structure of the data: independent samples (e.g. independent groups 
observed in various conditions) or paired samples (e.g. same samples observed twice or 
more). 
 Purpose: evaluate the relationships between two quantitative variables: correlation 
coefficients (Pearson for linear relationships and Spearman for monotonous ones). 
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Graphical representations of correlation matrices may provide a global overview of 
pairwise indicators. 
 Purpose: explore one single data set (e.g. microarray data) and identify the trends or 
patterns in the data, experimental bias or, identify if the samples ‘naturally’ cluster 
according to the biological conditions: unsupervised factorial analysis such as Principal 
Component Analysis (PCA) provides such information about one data set without any 
prior (Mardia et al., 1980). Scaling the data before performing PCA is frequently useful 
when dealing with omics data to make the PCA results meaningful. 
 Purpose: classifying samples into known classes (e.g. ecotype) based on one single data 
set (e.g. transcriptomic data): Supervised classification methods such as PLS-
Discriminant Analysis (PLS-DA) assess how informative the data are to rightly classify 
samples, as well as predict the class of new samples. 
 Purpose: unravel the information contained in two data sets, where two types of 
variables are measured on the same samples (e.g. metabolomics and transcriptomics 
data): Using PLS related methods enable to know if common information can be 
extracted from the two data sets (or highlight the relations between the two data sets). 
 Purpose: the same as above but considering more than two data sets (e.g. metabolomics, 
transcriptomics and phenotypic data): multi-block PLS related methods was recently 
developed (Lê Cao et al., 2008) to address this issue. 
 Purpose: the same as above but in a supervised context (e.g. metabolomics, 
transcriptomics phenotypic data and ecotype categories): multi-block PLS-DA 
(referred as DIABLO for Data Integration Analysis for Biomarker discovery using 
Latent variable approaches for Omics studies) was recently developed (Singh et al., 
2016, Günther et al., 2014) to address this issue. 
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For the last two methods (multi-block related), a design matrix must be defined to express 
the relationships between each block. A default version used a full design matrix: each block is 
related to all the others. But other definitions of the design matrix can be justified. 
A schematic view of the data sets are presented in Figure 3. Each rectangle stand for a data 
set (or a block): samples (plants) are represented in rows and variables in columns. Each method 
used is then presented with the piece(s) of the whole data sets it deals with. 
 
Figure 4: Schematic overview of the methods implemented of the associated data sets 
represented by cycles of all the retro analysis advice within an integrative study. PCA: 
Principal Component Analysis; MB: Multi-Blocs; PLS: Partial Least Squares regression; DA: 
Discriminant Analyse. Qualitative and quantitative blocks are represented in green and grey 
respectively. 
 
The cycles presented in Figure 4 highlights the better way to perform an integrative 
statistical study. We prefer this view rather than a straightforward pipeline beginning with 















global comprehension of the data and can challenge others methods. For instance, univariate 
statistics may highlight outliers or essential variables, but are they always unavoidable in a 
multivariate approach? On the other hand, multi-block approaches may focus on new samples 
and/or variables showing specific behaviour that should be studied through a univariate method. 
We claim that, facing integrative studies, relevant statistical analysis has to pass through these 
cycles, with progress and returns. 
 
4.3. Sparse extensions 
Every methods developed in mixOmics are proposed with a sparse extension (sparse 
PCA, sparse PLS...). Sparse methods are useful to remove some of the non-informative 
variables regarding the purpose of the method. Regarding PCA for instance, the sparse version 
select only the variables that highly contribute to the definition of each PC, removing the others. 
Sparsity is mathematically achieved via Least Absolute Shrinkage and Selection Operator 
penalizations LASSO (Tibshirani, 1996). 
In practice, using sparse methods in the context of omics data is very useful as it reduced 
the number of potentially relevant variables displayed on the graphical outputs, and thus it 
makes easier the biological interpretation of the results and reduces the list of potential 
candidates for further investigations. 
 
4.4. Numerical and graphical outputs 
As previously mentioned, statistical analysis could be associated with graphical 
representations (Figure 5). A famous sentence assigned to Francis John Anscombe (english 
statistician of the 20th century) emphasized this point of view: “...make both calculations and 
graphs. Both sorts of output should be studied; each will contribute to understanding.” Based 
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on this principle, a recent work by Matejka and Fitzmaurice (Matejka and Fitzmaurice, 2017) 
illustrates in a quite funny way how same numerical outputs can provide very different 
graphical representations. 
The results of univariate and bivariate approaches are mainly reported as p-values for 
statistical testing. Boxplots and barplots, as produced by the ggplot2 package (Wickham, 2016), 
may complete and reinforce the interpretation of the results. Regarding barplots, one core 
question relies on the error bar that are frequently added: should they be based on standard 
deviation or standard error of the mean? A thorough explanation about the difference is 
provided in (Cumming et al., 2007). The authors also mention this statement that may seem 
obvious but that is sometimes forgotten: “However, if n is very small (for example n = 3), rather 
than showing error bars and statistics, it is better to simply plot the individual data points.” 
We also used graphical representations of correlation matrices such as ones produced 
by the corrplot package (Wei and Simko, 2016) for the R software. This is essential when 
dealing with (not so) many variables: with 50 variables, 1225 (50 x 49 / 2) pairwise correlation 
coefficients are computed and have to be analysed and interpreted. 
Regarding multivariate analysis (from PCA to multi-block analyses), we used the 
graphical outputs provided by the mixOmics R package (Lê Cao et al., 2009). They are based 
on the representation of individuals and variables projected on specific sub-spaces. We recall 
the main trends in interpreting such plots. A thorough discussion about the complementarity of 
several graphical display is given in (González et al., 2012). 
First, the individuals (biological samples) of the study are represented as points located 
in a specific sub-space defined by the first PLS-components. Interpretation is based on the 
relative proximities of the samples and on the equivalent representation for variables. The 
standard representation for the variables plots is frequently referred as correlation circle plot. It 
was primarily used for PCA to visualise relationships between variables but it has been 
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extended to deal with multi-block analysis. In such a plot, the nature of the correlation between 
two variables can be visualised through the cosine of the angle between two vectors. The 
representation of variables can also be done through a relevance network. Bipartite networks 
are inferred using a pairwise similarity matrix directly obtained from the outputs of the 
integrative approaches. Circos plot can be viewed as a generalization of relevance network 
where the nodes are located on a circle. Then, based on the same pairwise similarity matrix 
used for relevance network, a clustered image map can be displayed. This type of representation 
is based on a hierarchical clustering simultaneously operating on the rows and columns of a 
real-valued similarity matrix. This is graphically represented as a 2-dimensional coloured 
image, where each entry of the matrix is coloured on the basis of its value, and where the rows 
and columns are reordered according to the hierarchical clustering. 
 
Figure 5: Example of graphical outputs obtained with different variates. A) Bivariate analyse, 
B) Bivariate supervised analyse, C) Multivariate analyse, D) Multivariate supervised analyse, 











In this section, we do not provide neither a thorough biological interpretation of the 
results, the reader will refer to (Duruflé, in preparation) for this purpose, nor a comprehensive 
view of every statistical analyses performed. Instead, we highlight the limits of each method 
leading to the next step of the statistical analysis and show how a biologist has to interpret and 
to take over the conclusions of a statistical study. 
5.1. Bivariate analysis 
We illustrate bivariate analysis through some graphical representations of phenotypic 
data. Figure 6A displays parallel boxplots as well as individual observations of the number of 
leaves for the 5 ecotypes in the 2 conditions of temperature. Figure 6B only displays the 




Figure 6: Example of graphical outputs of bivariate analyse supervised with A) a box plot (each 
colour corresponds to the different values obtained for one triplicate) and B) an individual plot 
of the number of leaves for the 5 ecotypes in the 2 conditions of temperature (each colour 




The main information extracted from these graphics are related to a quality control of 
the data. The scattering of points indicates a rather good reproducibility between all the samples 
and between each repetition. So, we could average the values from several plants of one 
biological repetition, to go on the analyses. The visual impression provided by Figure 6B 
regarding temperature and ecotype effects can be confirmed via statistical testing such as two-
way ANOVA (results not shown). 
This kind of analysis does not provide any information about the potential relationships between 
several variables. This will justify the next analysis step which deals globally with a whole data 
set. 
 
5.2. The multivariate analysis 
The multivariate approach is illustrated on the cell wall transcriptomic data set acquired 
on the rosettes. It is composed of 364 variables. The first way to question the whole data set 
can be through the computation of pairwise correlation coefficients. For instance, Figure 7 
displays the correlation matrix between samples. It indicates that the expression of genes for 




Figure 7: Example of graphical representation of the multivariate analysis, a pairwise 
correlation coefficients of the cell wall transcriptomic in rosettes. Colour code and ellipses 
represent the correlation of genes for each sample.  
 
Then, a PCA can be performed as an extension of the quality control. For instance, 
Figure 8A highlights the distance between the three replicates corresponding to one condition. 
And, we can observe that the ecotype Grip is well gathered whereas Col is more scattered. This 
information must be moderate because of the rather low proportion of variance explained by 
the first two principal components displayed here. Having a look at the other components could 
be meaningful to consolidate and complete this information. 
 
Furthermore, the interpretation of the PCA also brings a first result. Indeed, the samples 
are clearly separated along the first (horizontal) axis according to the temperature: samples at 
22°C are all located on the left (negative coordinates on PC1) whereas samples at 15°C are on 
the right. This indicates that the effect of temperature is stronger than the ecotype’s because 
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PC1 capture the most important source of variability in the data. The representation of variables 
(Figure 8B) is not of great interest at this step; it mainly highlights the need for selection 
methods to make easier the interpretation of the results in terms of gene expression. However, 
the interpretation of such a plot jointly with the individual plot, enable, for instance, to identify 
over-expressed genes in samples at 15°C: they are located on the right of the variables plot (in 
the same area as samples at 15°C in the individual plot). 
 
Figure 8: Example of graphical representation of a PCA. A) In the individual plot are 
represented, according to their relation to two dimensions among those chosen in the analysis, 
all the samples are link to one colour specific to one condition (points tends to aggregate 
together when they are share similarities), and B) the variables plot that represent all the genes 
in a correlation circle. Strongly associated (or correlated) genes are projected in the same 
direction from the origin such as the greater the distance from the origin the stronger the 
association. Two circumferences of radius 1 and 0.5 are plotted to reveal the correlation 
structure of the variables. 
 
5.3. Supervised analysis and variable selection 
To illustrate supervised analysis, we deal with the same data set as before (cell wall 
transcriptomic for the quantitative block) to discriminate the samples according to the 
temperature (qualitative block) performing a PLS-DA analysis. We could have made it with the 
ecotype, but interpretation would have been more complicated with 5 categories instead of 2 
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for temperature. And we have already seen that temperature effect is the strongest in the data 
set. Furthermore, to address the problem of interpretability of the results, we also consider the 
sparse version of PLS-DA (Lê Cao et al., 2011) to select the most discriminant genes for the 
temperature effect. The number of variables to select has to be determined by the user. It 
depends on the way the potential candidates will be validated. For instance, if validation has to 
be done through new focused biological experiments, the number of selected variables must not 
be too large. 
 
Figure 9: Example of graphical representation of the supervised analysis. A) Individual plot of 
a PLS-DA associated to the B) variables plot and C) Individual plot of an S-PLS-DA associated 
to the D) variables plot. 
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Figure 9 displays the results of PLS-DA (A, B) and S-PLS-DA (C, D). Individual plots 
(A, C) and variable plots (B, D) are interpreted in the same way as PCA’s. Individual plots only 
use two colours corresponding to the two temperatures. Whether for PLS-DA or S-PLS-DA, 
the discrimination of the samples is clean-cut. This confirm the overriding effect of the 
temperature. In other words, the variability due to the five ecotypes does not impede to detect 
the temperature effect. The results of S-PLS-DA indicates that the discrimination can be 
observed with quite few genes. Indeed, the difference between PLS-DA and S-PLS-DA relies 
on the number of genes involved in the discrimination process. The list of the most relevant 
variables, displayed in 9D, are presented and studied in details in (Duruflé, in preparation). 
To support this idea, we also performed a discriminant analysis considering the ecotype 
effect. The results (Figure 9) indicates that despite the strong effect of temperature, the method 
succeeded in discriminating the 5 ecotypes. 
The two examples presented here highlights the specificity of a supervised analysis: the 
biologist can focus on a specific point of its experimental design. 
 
5.4. Multi-block analyses 
Multi-block analyses can address the main purpose of an integrative study by analysing 
all together every blocks acquired on the samples. As an illustration, we expose the results of a 
five-block supervised analysis focused on the rosettes, considering phenotypic, cell wall 
transcriptomic, proteomic and metabolomic as quantitative variables and temperature as the 
qualitative (or categorical) block. 
Relationships between blocks must be defined by the user through a design matrix. This 
matrix, of size (number of blocks) x (number of blocks), contains values between 0 and 1. A 
value close to 1 (resp. 0) indicates a strong relationship (resp. weak or no relationship) between 
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the blocks to be modelled. To fix the values in the design matrix is crucial and very complicated 
because it requires to express biological relationships into numerical values (e.g. can we 
consider that the link between proteomic and transcriptomic data is stronger than the link 
between proteomic and metabolomic?). For the sake of simplicity, 0 and 1 values can be used 
in a binary point of view. In a supervised context, the values also enables to balance the 
optimisation between, on the one hand the relationships between quantitative blocks and, on 
the other hand, the discrimination process. In our example, we considered a design matrix 
composed of zeros to favour the discrimination task rather than the links between the 
quantitative blocks. A full design matrix (composed of ones) highlights more clearly 
relationships between blocks but leads to misclassified samples. 
 
Figure 10: Example of graphical representation a multi-block analyses. A) plotDIABLO show 
the correlation between components from each data set maximized as specified in the design 
matrix. B) Induvial plots projects each sample into the space spanned by the components of 
each block associated to the C) variables plot that highlights the contribution of each selected 
variable to each component, D) clustered image map of the variables to represent the multi-
omics profiles for each sample. 
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The interpretation of a multi-block supervised analysis requires several graphical 
outputs. Some of them are presented in Figure 10. First, Figure 10A checks whether the 
correlation between components from each data set has been maximized as specified in the 
design matrix (Tenenhaus et al., 2014). Globally, correlation values are close to 1 and mainly 
due to the separation of the two categories (because of our design matrix favouring 
discrimination). With a full designed matrix, we get higher values but with less separated 
groups. Regarding the individual plots (Figure 10B), it appears that the discrimination is better 
for transcriptomic and proteomic blocks. The samples plot has also to be interpreted regarding 
the variables plot (Figure 10C). To make the interpretation easier, we present here the results 
of the sparse version of multi-block analysis. So, we can identify variables from each block 
mainly involved in the discrimination according to the temperature. For instance, they are 
located on the left of Figure 10C for samples at 22°C (located on the left of Figure 10B). 
Another way to display the results is presented in Figure 10D. The clustered image map 
highlights the profiles of selected variables among the samples. It also includes the results of 
hierarchical clustering performed jointly on variables and samples. Regarding the samples, the 
two groups based on temperature are visualized through the dendrogram on the left. However, 
let’s note that the cluster gathering the samples at 15°C can be split into two sub-clusters with 
col ecotype isolated. Regarding the variables, it mainly points out global trends of the behaviour 
of selected variables. The interpretation can then lead to retro analyses to validate potential 
candidates. This can be done through new statistical analyses as well as new biological 
experiments (Chawla et al., 2011).  
 
5.5. Relevance networks 
Another way to interpret the results of a multi-block approach consist in producing 
relevance networks between variables. On the Figure 11A, each selected variables is a node 
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located on a circle. Variables are sorted first according to their block then depending on their 
importance in discrimination. An edge links two nodes if their correlation is greater than a given 
threshold (0.9 in Figure 11A). 
 
Figure 11: Example of networks representation by A) a circos Plot represents the correlations 
between variables of each blocks and show expression levels of each variable according to each 
class within and between each blocks. B) a network that allows to display the correlation 
between the transcriptomics data (green) and then proteomics data (blue)  
 
The correlation are mainly positive and concerns few variables from each block. To 
complete the interpretation, we focus on another network generated with only two blocks 
(transcriptomic and proteomic). It accentuates the relationships between pairs of proteins and 
transcripts. At this stage, the biologist has to appropriate the results to validate them and express 
conclusions in biological terms (Duruflé, in preparation). 
 
6. CONCLUSION 
In an integrative biology context, the huge quantity of data produced requires adapted 
and specific statistical methods. Even if the multi-block approaches can be viewed as "The tool" 
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to address the purpose, other standard statistical methods more basic (e.g. univariate) must not 
be omitted. Good comprehension of the biological phenomenon goes through a sequence of 
various approaches to analyse the data. Finally, we consider that each method contributes to a 
better interpretation of the others like we intended to express it with the schematic view of the 
protocol as intertwined cycles. With the vast omics data sets, the statistical analysis of data sets 
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La précédente publication vise à mettre en avant l’ensemble des analyses statistiques 
qui seront réalisées dans ce projet. Il y est notamment justifié et détaillé l’utilisation des diverses 
analyses statistiques utilisées en lien avec les questions biologiques posées. En raison de la 
grande quantité d’informations rassemblées, cette réflexion d’analyse a été poursuivie lors de 
la caractérisation des bases moléculaires des modifications des parois d’A thaliana cultivées à 
différentes températures. 
La mise en place d’un protocole expérimental adapté, la standardisation des 
prétraitements des données ainsi que la méthodologie d’analyse des différents blocs présentés 
précédemment, nous permettent d’appréhender plus sereinement et plus efficacement le nombre 
conséquent des données générés durant la thèse. 
 
Dans l’objectif d’étudier l’adaptation d’A. thaliana aux températures sub-optimales, par 
l’étude de sa variabilité naturelle, une partie du projet WallOmics s’est concentré sur l’étude de 















III. Caractérisation de populations pyrénéennes 







Le projet WallOmics a permis, entre autre, d’appréhender l’adaptation d’A. thaliana par 
l’étude de sa variabilité naturelle. La chaîne de montagnes des Pyrénées représente une barrière 
physique majeure séparant la péninsule ibérique du reste de l’Europe, ce qui en fait une zone 
d’étude privilégiée. Dans le cadre de ce projet, une campagne de terrain effectuée au printemps 
2013 a permis d'identifier et de récolter 241 individus répartis en 30 nouvelles populations 
provenant d'altitudes contrastées. La localisation des zones de collecte a également permis 
d’établir le climat local spécifique (température, précipitation, altitudes, etc.) pour chaque 
population. 
La caractérisation de ces nouvelles populations a été réalisée en trois temps : 
- Premièrement, ces populations ont fait l’objet d’une analyse moléculaire afin d’évaluer 
la variation génétique des populations d'A. thaliana dans cette région. Deux approches 
complémentaires ont été réalisées : la statistique bayésienne et la phylogénie. Il en est ressorti 
une séparation génétique claire et spécifique de certaines populations des Pyrénées.  
- Deuxièmement, une étude phénomique sur différents traits phénotypiques de ces 
nouvelles populations a été réalisée en laboratoire. Cette caractérisation porte sur deux organes : 
les rosettes ainsi que les tiges, observées à deux températures : 22°C et 15°C. L’ensemble de 
ces données phénomiques ont mis en évidence une plasticité phénotypique contrastée entre les 
populations en fonction des températures de culture. 
- Enfin, une étude intégrative a pu confronter les données climatiques d’origine à un 
cluster génétique et à la plasticité phénotypique de ces populations.  
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The natural diversity is a free reservoir of variation for studying morphological and 
developmental traits. Studying natural variation will help to identify genetic mechanisms of 
complex traits. Mountain habitats provide genuine environmental temperature gradients where 
plants need to adapt to multiple environments. In this study, we report the identification and 
genetic study of 341 individuals of Arabidopsis thaliana (representing 30 new natural 
populations), collected between 200 and 1800 m in the Pyrenees Mountains. Class III 
peroxidases and ribosomal RNA sequences were used as genetic marker to determine the 
genetic relationships between populations along an altitudinal gradient in the Pyrenees. Using 
Bayesian-based statistics and molecular phylogenetic analyses the Pyrenees Mountains appears 
with clear demarcation from any other known ecotypes. Then the individuals are genetically 
separated in two major clusters and some homogeneous populations are found. These 
populations exhibited also great phenotypic variability (e.g. germination speed, chlorophyll 
content, height…) when grown at sub-optimal temperature (22°C vs 15°C) to mimic natural 
environment. These genetic variations are also expressed with natural intraspecific 
morphological variations. Therefore this study sheds a new light regarding the west European 
population structure and phenotypic plasticity of A. thaliana at contrasted temperatures, and 
illustrates the fact that integrative analysis combining genetic, phenotypic and climatology 
variation is a powerful tool for predicting acclimation of population in a global warming 
context. These new Pyrenean populations are made available to the scientific community and 
represent a new tool of choice for studying cold tolerance and development. 
 






Plant diversity represents a huge reservoir of variation, due to spontaneous mutations 
and maintained by different evolutionary processes, like natural or artificial selection. The 
intraspecific natural variation, i.e. the within-species phenotypic variation, reflects species 
adaptations to different natural environments (Clauss & Mitchell-Olds 2006; Fournier-Level et 
al. 2011; Hancock et al. 2011). Analysing the natural variation in wild species will help to 
elucidate the molecular bases of phenotypic differentiation and thus understand species 
adaptation to specific natural environments from an ecological and evolutionary point of view 
(Mitchell-Olds & Schmitt 2006). 
Mountainous areas provide unique natural gradients with multiple environments acting 
as open air laboratories. For instance, through altitudinal gradients, plants must compose with 
multiple environmental variations including the decrease of temperatures and air humidity, the 
increase of UV radiations and a diminution of atmospheric pressure with rising altitudes 
(Körner 2007). In response to these different climatic variations, plants must tightly regulate 
their physiological processes and modify their phenotypic traits. Additionally, there is evidence 
that global warming due to climate change is ongoing (Meehl et al. 2007). In this context of 
global climatic changes (seasons often altered, temperature changes, occurrence of freezing 
stress), studying phenotypic variations along altitudinal gradients will help to understand plant 
ability to cope, acclimate and adapt (Warren 1998). The temperature increase, and even a few 
more degrees may lead to ecological and physiological constraints with consequences on plant 
development. Genetic mechanisms of complex traits can be identified by molecular approaches 
by biologists who exploit natural variation to identify these mechanisms (Alonso-Blanco et al. 
2005). Thus, it is imperative to better understand the impact of temperature variation and to 
integrate these elements into plant breeding programs.  
Arabidopsis thaliana (L.) Heyhn. (Brassicaceae) is an annual plant species with 
worldwide distribution. It is a well-known model for plant molecular sciences, as well as for 
ecological and evolutionary studies, and numerous genetic resources are available. In addition, 
it can be maintained as pure lines due to its highly self-fertilizing nature. Several studies about 
natural genetic variation of A. thaliana have been published at local scale in its native European 
distribution range (Bakker et al. 2006; Brennan et al. 2014; Horton et al. 2012; Le Corre 2005; 
Nordborg et al. 2005; Picó et al. 2008; Stenøien et al. 2005; Suter et al. 2014; Wilczek et al. 
2014). For example, a large genetic diversity of A. thaliana has been found in the Iberian 
Peninsula in which a strong geographic structure raises the hypothesis of multiple Iberian 
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glacial refuges that contributed to the post-glacial recolonization of Europe (Beck et al. 2008; 
Consortium 2016). The Pyrenees Mountains chains is the physical barrier that separates the 
Iberian Peninsula from France and the north of Europe. Studying the genetic and phenotypic 
diversity in this region is interesting to analyse the genetic mixture and the plant colonization 
of Europe from the Iberian Peninsula.  
The class III peroxidases (CIII Prx) have been detected in all green plants and they 
constitute a large multigenic family in land plants (Passardi et al. 2004). They oxidize various 
compounds in the presence of peroxide (H2O2) or oxygen (O2) and play a major role in response 
to many biotic and abiotic stresses, during auxin degradation, cell wall lignification and plant 
senescence (Francoz et al. 2015). Although, peroxidase families are subjected to high rate of 
duplication, numerous residues belonging to the catalytic domain are conserved between 
species and ecotypes. The genetic variability between the peroxidase family genes justifies the 
use of CIII Prx sequences as genetic marker to establish the structure of populations originating 
from contrasted biotope (Gulsen et al. 2010; Nemli et al. 2014; Pinar et al. 2016). Furthermore, 
they have already been used to study evolutionary relationships and genotypic diversity on an 
intra and inter-specific basis (Gulsen et al. 2010 2016; Uzun et al. 2014).  
Another valuable genetic marker are ribosomal RNA (rRNA) genes or rDNA. In plants, 
two major classes of nuclear rDNA can be distinguished: 45S rDNA and 5S rDNA (Layat et al. 
2012). The genome of A. thaliana contain hundreds of 45S rDNA units, each of them encoding 
the 18S, 5.8S and the 25S rRNA genes separated by external and internal transcribed spacer 
(5’ETS and 3’ETS). Significant repeat number polymorphisms for 45S rDNA has been reported 
among different A. thaliana accessions (Davison et al. 2007) and lines from Sweden (Long et 
al. 2013); provoking substantial variations in genome sizes. On other hand, the characterization 
of the 45S rDNA 3’ETS sequence from various A. thaliana ecotypes originated from different 
geographic regions , allowed to reveals the existence of one to four 45S rDNA variants (Abou-
Ellail et al. 2011; Chandrasekhara et al. 2016; Pontvianne et al. 2010).  
In the present study, our goals were (i) to estimate the CIII Prx nucleotidic 
polymorphism and the genetic diversity of A. thaliana populations from the Pyrenees 
Mountains, which had never been analysed before, (ii) to analyse the phenotypic variability in 
these populations at the micro- and macro- levels and (iii) to perform integrative analyses 
including genetic, phenotypic and environmental data and to estimate the capacity of a given 
population to acclimate or adapt to different growth temperatures. Studying the genetic 
diversity of A. thaliana in the Pyrenees Mountains help to understand west European population 
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structure and to evaluate the phenotypic plasticity in response to climate change. This study 
highlights the acclimation to environmental constraints by putting in relation genetic variations 
and phenotypic data within and among local populations of A. thaliana in the Pyrenees 
Mountains. 
 
Materials and Methods 
Population sampling, growth conditions and seed availability 
341 individual divided into 30 new natural populations of Arabidopsis thaliana were 
collected (seeds and whole plants, GPS coordinates are listed in Tab. 1) at different altitudinal 
levels all along the Pyrenees Mountains (Tab. 1). Their taxonomic belonging to A. thaliana 
species was confirmed through DNA sequencing (cf. genetic analysis). Population names 
correspond to the first four letters of the closest village or location where the plants were found 
(Tab. 1). Three populations were used as out-groups: one population located in Lanta, Lant, (10 
accessions) close to Toulouse (France) (Bartolli et al. 2017), and two well-known ecotypes 
corresponding to contrasted altitudes (publiclines.versailles.inra.fr), i.e. Columbia, Col (200 m; 
Poland; 52.745416, 15.235557) and Shahdara, Sha (3,400 m; Tajikistan, 39.250103, 
68.249919), and already studied in the lab under the same growth conditions (Duruflé et al. 
2017).  
Field-collected seeds from about 10 individuals per population (Tab. 1) were amplified 
at least one time in a growth chamber to obtain homogeneous batches of seeds with less parent-
of-origin effects, before being used in all experiments of this study. 
Seeds were sown in Jiffy-7® peat pellets (Jiffy International, Kristiansand, Norway). 
After 48 h of stratification at 4°C in darkness, plants were grown at a light intensity of 90 
µmol.photons.m-2.s-1, a 70 % humidity and under a 16 h light/8 h dark photoperiod at two 
different temperatures: 22°C (optimal growth condition for Col) or 15°C (sub-optimal 
temperature for Col). For rosette phenotyping and biochemical analyses, four- and six week-
old rosettes were collected respectively at 22°C and 15°C, corresponding to the bolting stage 
(emergence of the first flower buds; stage 5.10) for Col and Sha (Boyes et al. 2001 2017). Each 




Table 1. Characteristics of the populations collected in the Pyrenees Mountains.  
N: Number of individuals per population; Localization (GPS coordinates) and bio-climatic 
variables of the populations of A. thaliana analysed in this study. Geolocalisation and altitude 
were determined during the sampling. We used the average of the monthly data to calculate the 
annual minimum, mean and maximum temperatures and annual precipitation obtained from the 
WorldClim project (Hijmans et al. 2005; www.worldclim.org). Annual UV radiation was 
obtained from the Photovoltaic Geographical Information System of the European Community 
(Huld et al. 2012). Climate PC1 values are the position of populations on the first principal 
component of the PCA of bioclimatic variables that allows to classify populations in function 
of their environmental conditions (Fig. S4). 
Accession 
name 





















Arag 10 Aragnouet 42.7806 0.1950 1316 -4.3 6.3 19.6 1095 1553.2 -2.0 
Argu 10 Argut-Dessous 42.8889 0.7176 723 -1.3 10.2 23.9 931 1394.6 1.0 
Bedo 11 Bedous 42.9951 -0.6001 403 0.0 11.5 24.7 885 1350.3 1.9 
Belc 11 Belcaire 42.8217 1.9681 967 -0.9 9.6 23.2 925 1485.9 0.3 
Biel 10 Bielle 43.0523 -0.4339 450 -0.3 11.1 24.3 890 1395.4 1.6 
Bier 8 Biert 42.8993 1.3140 590 -0.4 11.0 24.9 840 1456.5 1.5 
Bran 11 Pas de barane 42.9708 0.2312 920 -2.6 8.5 21.9 1001 1482.6 -0.4 
Camu 13 Camurac 42.8001 1.9139 1198 -1.9 8.3 21.8 999 1514.1 -0.6 
Cast 10 Castet 43.0696 -0.4184 431 -0.1 11.3 24.4 882 1371.4 1.8 
Chau 9 Chaum 42.9395 0.6504 492 -0.4 11.4 25.3 821 1430.3 1.8 
Col 1 Columbia 52.7454 15.2356 200 -5.2 9.0 24.5 546 1017.6 3.0 
Eaux 12 Eaux Chaudes 42.9521 -0.4399 659 -1.9 9.2 22.5 953 1410.5 0.5 
Eget 10 Eget Cité 42.7907 0.2611 1115 -3.6 7.2 20.6 1049 1523.1 -1.3 
Fos 12 Fos 42.8738 0.7302 531 -0.9 10.8 24.7 880 1431.4 1.4 
Gava 13 Gavarnie 42.7361 0.0101 1359 -8.1 1.8 14.3 1363 1500.6 -4.5 
Gedr 13 Gedre 42.7920 0.0180 992 -3.6 7.2 20.6 1025 1405.5 -0.7 
Grip 13 Gripp 42.9281 0.2041 1190 -3.5 7.3 20.5 1068 1526.9 -1.4 
Guch 12 Guchen 42.8639 0.3428 755 -1.6 9.8 23.5 908 1511.8 0.4 
Hern 10 Herran 42.9730 0.9150 780 -1.4 9.9 23.7 946 1426.8 0.7 




42.5862 1.7968 1424 -2.9 7.0 20.3 1072 1536.3 -1.6 
Jaco 13 Jacoy 42.9061 1.4073 989 -1.5 9.4 23.2 946 1456.9 0.3 
Lant 10 Lanta 43.5649 1.6524 246 0.8 12.5 26.7 749 1372.2 2.9 
Lave 12 Lavelanet 42.9308 1.8414 539 0.4 11.7 25.5 811 1444.5 1.9 
Mari 12 
Sainte Marie de 
Campan 
42.9843 0.2255 840 -2.0 9.3 22.7 952 1447.9 0.2 
Mere 13 Merens-les-Vals 42.6580 1.8383 1069 -1.2 9.2 22.7 937 1473.0 0.1 
Mong 13 Mongie 42.9098 0.1795 1800 -5.8 4.5 17.3 1231 1559.3 -3.5 
Pont 10 Pont d'espagne 42.8512 -0.1407 1456 -7.9 2.1 14.7 1365 1473.2 -4.3 








42.7299 1.8153 690 0.2 11.3 25.0 822 1496.6 1.4 
Sha 1 Pamiro-Alay 39.2501 68.2499 3400 -16.9 0.5 19.7 893 1787.4 -3.0 





Climatic variables were obtained from WorldClim dataset (Hijmans et al. 2005; 
www.worldclim.org). The values used are the mean of 30 years (1960 to 1990) with a resolution 
of ca. 1 km² per grid cell. Solar radiation reading were obtained from the Photovoltaic 
Geographical Information System of the European Communities (Huld et al. 2012) for the 
2001-2012 period (http://re.jrc.ec.europa.eu/pvgis/). The specific solar radiation of Sha was 
estimated by linear regression between altitude level and solar radiation of the Pyrenees 
Mountains. 
DNA extraction  
Genomic DNA was extracted using a standard CTAB protocol from leaves of 351 
samples from the 30 populations of A. Arabidopsis as well as from the Col, Sha and Lant 
accessions. DNA concentration was measured by spectrophotometer ND-1000 (NanoDrop, 
Wilmington, Delaware, USA). Five couple of primers (sequences given in Fig. S1A) were 
designed to amplify 5 genomic areas of about 1,000 bp each. The 5 regions are distributed on 
the 5 chromosomes of A. thaliana; they encompass ca. 500 bp upstream of the ATG and ca. 
500 bp both coding and non-coding region (including exon and intron). They correspond to the 
loci of the 5 following CIII Prx (At1g44970 (AtPrx09), At2g41480 (AtPrx25), At3g50990 
(AtPrx36), At4g33870 (AtPrx48), At5g39580 (AtPrx62)). 
PCR were performed using high fidelity recombinant Pfu DNA polymerase (Promega, 
Madison, WI, USA) according to the manufacturer’s instructions. PCR products were 
sequenced using the same primers and on both strands to ensure reading quality. 
Paired end sequencing and manual editing using BioEdit (Hall 2011) allowed a good 
sequencing quality. The 5 sequences obtained for each of the 353 individual were concatenated 
and used for genetic and phylogenetic analysis. 
PCR amplification of 3'ETS 45S rRNA genes was done using p3/p4 primers as 
described in (Pontvianne et al. 2010). The QGIS software 2.18 was used to georeference the A. 
thaliana populations on a map and to display associated camembert diagrams illustrating the 
proportion of R haplotypes identified for each population (Quantum GIS Development Team, 






The sequences of 30 Pyrenean populations, the 3 out-group (Lant, Col and Sha) and 22 
ecotypes available from the 1001 Genomes consortium (11 in South France and 11 in North 
Spain) were analysed (Tab S1). Tajima's D neutrality test was performed using DnaSP v5 
software (Librado & Rozas 2009). For Col, Sha and the French/Spanish ecotypes, one 
individual only was used to minimise the impact of the frequencies of these new haplotypes but 
also because no information regarding the homogeneity (genetic diversity) of these populations 
was available. The haplotype class of each sequence has been determined using the Col 
sequence as reference (home-made Perl script). Population structure was analysed using a 
Bayesian clustering method implemented in the STRUCTURE software version 2.3.4. 
(Pritchard et al. 2000), Assuming K differentiated genetic clusters in the sample, this method 
allows estimating the proportion of membership of any individual to any of the K clusters. For 
each population, 106 iterations and 105 burn-in period options were used. For each value of K 
(between 1 to 10), 10 independent calculations were performed, and likelihood values obtained 
from these 10 calculations were averaged. To identify the appropriate K value, we used 
Evanno’s method based on data likelihood variation over successive K (Evanno et al. 2005). 
The optimal K value was estimated with the largest delta K value with higher likelihood than 
that of K-1 runs (Fig. S2A-B).  
Molecular phylogenetic analysis by maximum likelihood method. 
The evolutionary history was inferred by using the maximum likelihood method based 
on the Tamura-Nei model (Tamura & Nei 1993) performed with a concatenated sequence 
containing the 5 CIII Prx sequences. The tree with the highest probability is shown with 50% 
of cut-off value to condense the tree done with 100 bootstraps. The percentage of trees in which 
the associated taxa clustered together is shown next to the branches. Initial tree for the heuristic 
search was obtained automatically by applying Neighbor-Joining and BioNJ algorithms to a 
matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 
approach, and then selecting the topology with superior log likelihood value (Tamura et al. 
2004). The analysis involved 375 nucleotide sequences (from 341 natural individuals from 
Pyrenean populations, 10 individuals from Lant, the 2 references Col and Sha and 22 ecotypes 
from the 1001 Genomes consortium). All positions containing gaps and missing data were 
eliminated. The 5 sequences were concatenated for a total of 4074 positions in the final dataset. 
Evolutionary analyses were conducted in MEGA v6 (Tamura et al. 2013). Genetic distances 
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were measured as pairwise differences among haplotypes and 100 bootstraps were generated to 
determine the phylogenetic structure.  
Germination 
Arabidopsis thaliana seeds were sterilized (30 % bleach (v/v), 0.1 % triton 100 X (v/v)) 
and sown in Petri dishes containing half-concentrated MS medium (Murashige & Skoog 1962) 
in 1 % agar. After 48 h of stratification at 4°C in darkness, seeds were incubated in a 
germination cabinet at 24°C, 60 % of humidity and 110 µmol.photons.m-2.s-1 continuous white 
light. The percentage of ruptures of two protective envelopes, testa (the outer envelope) and 
endosperm (the inner envelope) ruptures were obtained by counting two times 50 to 100 seeds 
from three independent biological replicates. Data were expressed as the mean percentage of 
the total seed number with standard error of the mean. Testa and endosperm ruptures were 
quantified, using the testa integrity and the radicle tip protrusion as markers, respectively (Fig. 
S3A, (Lariguet et al. 2013)). 
Macrophenotyping 
Rosettes grown at 22°C and 15°C were analysed when harvested. Rosette diameter and 
fresh weight were determined and the number of leaves was counted. The bolting stage was 
checked for each ecotype. From this point, stems length was measured up to the final height. 
When stem growth was over, stem diameter and length was measured and the lateral 
stems/cauline leaves were counted.  
Chlorophyll content 
Whole rosettes were ground in liquid nitrogen and used for anthocyanin and chlorophyll 
extraction. Ground material (0.1 g) was vigorously vortexed with 1 mL of 80% acetone solution 
for 5 min. The samples were centrifuged for 10 min at 1,000 g. The absorbance of chlorophyll 
α and β was measured in the supernatant, respectively at 663 and 647 nm. Chlorophyll 
concentration was calculated using the following formula: (A663 x 7.15 + A647 x 18.71) / mg of 
fresh material = µg chlorophyll/mg fresh material (Cosio & Dunand 2010).  
Anthocyanin content 
Ground rosette material (0.1 g) was mixed with 1 mL of 95% ethanol /1% HCl and 
stored at 5°C for 24 h in darkness. The samples were centrifuged for 10 min at 1,000 g. The 
absorbance of the supernatant was measured at 530 and 657 nm. The anthocyanin content was 
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calculated using the formula ((A530 – 0.25 x A657) / mg of fresh material)) as described in 
(Mancinelli et al. 1988). 
Stem maximum growth speed 
To identify the maximum growth speed of the floral stems, a logistics function was 
modeled (Krislov Morris & Kuhn Silk 1992; Lièvre et al. 2016). The data-fitting curve was 
created for each kinetic. The logistic function used to model stem growth is given by [ Y= Asym 
/ (1 + exp ((xmid - log(t)) / scal)) ] and is parameterized by three parameters corresponding to 
the ﬁnal stem length (Asym), the time corresponding to the inflexion point (xmid) and the 
characteristic growth speed (Scal). The estimated parameter was used to characterize individual 
stem growth speed.  
Data Analysis 
Most data analyses were performed with R software (version 3.2.3). ANOVA statistical 
tests were carried out in order to determine the temperature effects on the populations. In 
addition, Duncan’s multiple range tests were performed to allow a better visualization of the 
different sets when they correspond to averages. In addition, Kruskal-Wallis and Wilcoxon 
nonparametric tests were carried to compare groups. To investigate the underlying variation 
between population data (phenotypic), multilevel principal component analysis (PCA) was used 
with the mixOmics package (Lê Cao et al. 2011) available in CRAN (cran.r-
project.org/package=mixOmics). This combination of multilevel and multivariate methods 
allowed distinguishing variations between populations and between temperatures. Multilevel 
PCA was done only with contrasted data collected at 15 and 22°C. In addition, distance between 
the same populations according to the temperature in the scaled PCA multilevel was measured. 
Graphical representation of the STRUCTURE results was done with the "leaflet" package 
(cran.r-project.org/web/packages/leaflet).  
 
Results and discussion 
Local natural environmental conditions are highly contrasted in the Pyrenees Mountains 
The 30 natural populations of Arabidopsis thaliana studied in this project were all 
collected from the Pyrenees Mountains (Tab. 1). Lant was used as a control population since it 
grows on the plain near the Pyrenees Mountains. Because they are well-known and living in 
contrasted environments of origin, Sha growing at 3,400 m and Col growing at low altitude 
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were also included in the study as controls. Each population was described using the altitude 
(m) and the following 5 climatic variables: annual minimum, annual maximum and annual 
mean temperatures (°C), total annual precipitation (mm), total annual UV radiations (KW h / 
m²).  
The variables describing temperature variability (minimum, mean and maximum) are 
highly correlated and also anti-correlated with the altitude, the annual rain accumulation and 
radiation. Climatic trends are not generally related to altitude and depend on the topology of 
temperate mountains. Precipitation and seasonality exert the largest influence on the regional 
climate variation (Körner 2007). Pyrenees Mountains appear with a temperate typology where 
the gradient of precipitation is altitude dependent. To analyse the environmental datasets 
(climates and altitudes), PCA were used to produce principal components (PCs) that explain 
the climatic variance (Fig. S4). The PCs score approach is routinely used for climate 
quantification (Wolfe & Tonsor 2014) and represent an index that describes the climate 
gradients of the populations (Tab. 1). In the principal component analysis (Fig. S4A), the 
climate PC1 explained 74 % of the multivariate variance across the 6 variables, while climate 
PC2 only explained 14 % (see Fig. S4A). Climate PC1 is most strongly associated with all the 
variables, while climate PC2 is only associated with the atypical climatic profile of Sha (Fig. 
S4B). Then, the environmental data characteristic of each population can be illustrated with 
climate PC1 value (Tab. 1). 
It is difficult to compare the characteristics of all populations but several information 
could nevertheless be obtained from environmental data. Climate PC1 value allows to classify 
populations as a function of their environmental conditions considering altitude levels: plain 
(PC1 value > 0), medium (0 > PC1 value > 1) and high altitudes (PC1 value < 1). The climate 
PC1 values are highly correlated with the population altitude but some differences could be 
noted. Eaux has a lower climate PC1 value than other populations living at the same altitude 
like Savi or Bier. That could be explained by the lowest temperatures at this location as 
compared to Hern and Roch. On the other hand, Bran and Gedr have a negative climate PC1 
value, as do the Pyrenean populations living above 1,100 m of altitude which could be explained 
by the lowest temperatures and the high precipitations. Climate PC1 value will be useful to 





Both the genetic diversity and the geographic structure reflect a specific genetic lineage 
in the Pyrenees Mountains  
Sequence polymorphism is currently used to analyse genetic variability and structure of 
natural populations (Gulsen et al. 2010; Nemli et al. 2014) and the study evolutionary 
relationships and genotypic diversity on an intra and inter-specific basis (Gulsen et al. 2010 
2016; Uzun et al. 2014). In this study, the polymorphism of five CIII Prx loci (AtPrx09, 
AtPrx25, AtPrx36, AtPrx48 and AtPrx62) was analysed. These five amplified sequences include 
both coding and non-coding regions (Fig. S1B). They have been selected for their high degree 
of polymorphism (Single Nucleotide Polymorphism (SNP) and Insertion/deletion (Indel)) 
detected between ecotype sequences available from 1,001 Genomes public data 
(http://1001genomes.org/; Weigel, 2009) and with no a priori concerning their putative 
implication in altitude adaptation. 
In addition to the sequences obtained from the 341 Pyrenean individuals, the populations 
used as out-groups (10 individuals of Lant, and one Col and Sha) and 22 ecotypes sequences 
available from the 1,001 Genomes Project (Consortium 2016) and localized in the south of 
France and the north of Spain were added. These ecotypes originating from both sides of the 
Pyrenees Mountains improved the sampling in the regional context. Based on the Col sequence, 
338 positions of SNP and Indel were identified and used to define different haplotypes 
(combination of alleles of different markers in the sequences). According to our analyses, 
several populations used in this study share the same haplotype (Tab. S2). This could mean that 
these populations have the same origin, either natural or related to anthropogenic 
introduction/displacement (e.g. transportation, road construction…). Tajima's D was calculated 
to compare the total number of segregating sites (polymorphisms) to the average pairwise 
differences between sequences (Tajima 1989). This test allows to distinguish DNA sequences 
evolving under selective pressures from neutrality-evolving ones. Only neutrality-evolving 
sequences can be used for genetic diversity analyses aiming at inferring population structure. 
The result was not significantly different from zero (D = 0.420), meaning that we could not 
reject the null hypothesis of neutral mutation–drift equilibrium for these sequences. As a 
consequence, these markers could then be considered as neutral. On the 55 populations (30 
Pyrenean, 22 from the 1001 genomes project and 3 out-group accessions) 58, 39, 54, 93 and 45 
different haplotypes were found for AtPrx09, AtPrx25, AtPrx36, AtPrx48 and AtPrx62, 
respectively (Tab. S2). The polymorphism within populations was evaluated using different 
parameters: the number of haplotypes and the haplotypic frequency distribution, the number of 
96 
 
SNPs and the percentage of identity of haplotypes contents in the populations (Tab. 2). By this 
systematic analysis and even though AtPrx48 gene marker presents an important rate of 
polymorphism, it is possible to say that 22% of the 30 Pyrenean populations (i.e. Camu, Gava, 
Grip, Hosp, Jaco, Pont and Roch) share the same haplotypes among their individuals. However, 
based on the identity between the haplotypes and the percentage of SNPs, two other populations 
(Hern and Prad) appear to be homogeneous (Tab. 2). A population is considered as 




Table 2. Polymorphism observed between the individuals of the populations based on 
haplotypes characteristics. The following parameters are shown for the populations: % Poly-
morphic loci: number of haplotypes detected among the individuals of one population expressed 
in percentage; SNP (%): percentage of SNP found on the concatenated sequences (including 
the 5 CIII Prx loci) per population; haplotypic frequency distribution: number of individuals 
belonging to the same haplotype within a population; identity (%): minimum and maximum 
percentage of identity within population of the concatenated sequences graphically represented 










Arag 100 2.70 1/1/1/1/1/1/1/1/1/1 0.974 - 0.999 
Argu 70 1.72 1/1/1/1/1/1/2/3 0.983 - 1 
Bedo 45 1.00 1/1/1/1/7 0.989 - 1 
Belc 100 3.08 1/1/1/1/1/1/1/1/1/1/1 0.978 - 0.999 
Biel 90 3.92 1/1/1/1/1/1/1/1/2 0.962 - 1 
Bier 75 2.20 1/1/1/1/1/3 0.982 - 1 
Bran 100 2.08 1/1/1/1/1/1/1/1/1/1/1 0.98 - 0.999 
Camu 15 0.07 1/12 0.998 - 1 
Cast 90 2.94 1/1/1/1/1/1/1/1/2 0.976 - 1 
Chau 89 3.25 1/1/1/1/1/1/1/2 0.974 - 1 
Eaux 50 0.53 1/1/2/2/3/3 0.994 - 1 
Eget 40 0.72 1/1/3/5 0.992 - 1 
Fos 67 1.79 1/1/1/1/1/1/3/3 0.982 - 1 
Gava 15 0.02 1/12 0.999 - 1 
Gedr 62 2.29 1/1/1/1/1/2/2/4 0.977 - 1 
Grip 15 0.57 1/12 0.994 - 1 
Guch 67 0.19 1/1/1/1/1/1/3/3 0.998 - 1 
Hern 70 0.12 1/1/1/1/1/1/4 0.998 - 1 
Herr 73 0.79 1/1/1/1/1/2/2/2 0.993 - 1 
Hosp 17 0.05 1/11 0.999 - 1 
Jaco 15 0.02 4/9 0.999 - 1 
Lant 91 4.28 1/1/1/1/1/1/1/1/1/1 0.966 - 0.999 
Lave 55 2.82 1/1/1/2/3/4 0.972 - 1 
Mari 83 1.91 1/1/1/1/1/1/1/1/1/3 0.984 - 1 
Mere 62 0.33 1/1/1/1/1/1/2/5 0.997 - 1 
Mong 100 4.06 1/1/1/1/1/1/1/1/1/1/1/1/1 0.966 - 0.998 
Pont 20 0.02 1/9 0.999 - 1 
Prad 33 0.05 1/2/2/7 0.999 - 1 
Roch 17 0.02 1/11 0.999 - 1 
Savi 100 2.15 1/1/1/1/1/1/1/1/1/1/1 0.981 - 0.999 




To determine and analyse the genetic structure and the polymorphism of the A. thaliana 
populations collected in the Pyrenees Mountains two different approaches were used: (i) a 
Bayesian clustering analysis and (ii) a molecular phylogenetic analysis. These two analyses are 
complementary to the systematic approach previously exposed. In order to infer population 
structure, they use haplotype frequencies to partition within and between populations diversity. 
 
Figure 1. Geographic location and genetic group assignment of 30 populations of A. thaliana 
in Pyrenees Mountains, 22 accessions of 1001 genomes and 3 out group populations, Lant close 
to Toulouse and the 2 well known ecotypes, Col and Sha. Relationships inferred with 
STRUCTURE are illustrated by colored circle. Each individual circle represents the 
populations allocation into their estimate membership proportions in each genetics cluster 
determined by STRUCTURE results (K=2). White stars stand for 1001 genomes populations. 
 
In the clustering analysis implemented in STRUCTURE, various genetic clusters (K 
value) are possible to test, each of which is characterized by a set of haplotype frequencies. The 
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STRUCTURE analyses allowed to unambiguously infer two genetic clusters (Fig. S2B). 
Populations with a membership proportion of > 0.8 to a cluster are considered as homogenous 
(Fukunaga et al. 2005; Uzun et al. 2014) and populations with < 0.8 proportion are considered 
as admixed (heterogeneous). The clustering analysis identified 36 populations homogenous 
among the 55 analysed and considered them as homogeneous and non-admixed. All the 
ecotypes from 1001 genomes, the populations used as outgroup (Lant, Col and Sha) and 67% 
of the Pyrenees Mountains populations were found homogeneous and belonged to the same 
genetic cluster (Fig. S2C). In all the Pyrenees populations, 11 (37%) shared the same genetic 
cluster differing from the known French and Spanish populations (Fig. 1). Three genetic 
clusters were defined with the structuring Bayesian analysis as following: i) populations 
assigned to the clusters 1 (green) and 2 (pink) are homogeneous populations with membership 
proportion > 0.8 to one of the cluster, ii) populations assigned to the clusters 3 are considered 
as “hybrid cluster” because they do not belong at one of the two previous clusters.  
To have a better view of the natural genetic diversity among the A. thaliana populations 
collected in the Pyrenees, a series of phylogenetic analyses was carried out. Genetic 
relationships among the different haplotypes were determined by the Neighbor-Joining (NJ) 
method using the concatenated sequences including the 5 CIII Prx markers. The dendrogram 
separates the individuals of the Pyrenees populations into three major branches well supported 
(Fig. 2). Moreover, several populations are found grouped on the same subtree (e.g. Hosp, Hern, 
Prad) or closed to each other on the same branch (e.g. Roch, Grip, Jaco) as expected with the 







Figure 2. Molecular phylogenetic analysis based on the peroxidase gene markers (maximum likelihood 
method) of 341 individuals of 30 A. thaliana populations from the Pyrenean mountains, 22 ecotypes from the 
1001 genome consortium (11 South France and 11 North Spain) and 3 out-group individuals (10 individuals 
of Lant and the 2 well known ecotypes, Col and Sha). Color represents the population allocations into their 
estimate membership proportions in each genetics cluster determined by STRUCTURE and illustrated in the 
Fig. 1. Numbers in brackets stand for the number of individual per cluster and numbers without brackets 
represent the individual within the population. The Branches and clusters are colored with the same colours as 
STRUCTURE analysis (Fig.1) with the admixed population in grey. 
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Most of the A. thaliana populations collected in the Pyrenees Mountains are genetically 
separated from the 22 ecotypes from the 1001 genomes project. The specific structure of these 
populations in this geographic area makes them very interesting to study in order to understand 
regional population structure in A. thaliana. However, the genetic diversity in the Pyrenees 
Mountains is not just defined by three genetic clusters. Indeed the diversity measured by 
molecular phylogenetic analysis describes a fine-scale variation. These inter- and intra-
population variations may be associated with the variability of the natural environment and may 
attest of a specific adaptation of A. thaliana to this physical barrier. They could also have 
resulted from a prehistoric introduction or from a glacial refuge. It is interesting to note the 
complementarity of both methods with the sequence diversity approach. Indeed, populations 
that are found non-admixed according to the STRUCTURE approach are also those with a high 
percentage of identity of sequences and are found in one branch of the tree (such as Grip, Hosp, 
Hern, Prad and Roch). In contrary, the populations considered as admixed were found 
distributed into two branches of the tree (such as Belc, Fos, Gedr). 
In order to confirm the homogeneity of these 9 populations (Camu, Gava, Grip, Hern, 
Hosp, Jaco, Pont, Prad and Roch), we performed PCR analyses of the 3'ETS from 45S rRNA 
gene sequences as an additional genetic marker. This marker is multicopy, as there are about 
800 copies of 45S rRNA genes in the Col. These copies can be subdivided into 4 classes or 
variants in Col. Three of these variants (VAR1, 2, 3) represent almost all the rDNA copies, 
VAR1 accounting for ~50 % of the copies. The VAR4 is relatively rare (VAR4) (Abou-Ellail 
et al. 2011; Pontvianne et al. 2010). Col is one of the most complex ecotype worldwide as the 
majority of the other ecotypes that were analysed to date display only one (e.g. VAR3 in Sha) 
or two variants (VAR1 and 3) (Abou-Ellail et al. 2011; Chandrasekhara et al. 2016). Figure 3 
shows the different R haplotypes that we encountered in the 9 Pyrenean populations analysed. 
The VAR4 was not used to define the R haplotype classes but rather that the relative proportion 
might vary between variants. For example, the distinction was made between R5.1, R5.2 and 
R5.3 regarding the relative abundance of VAR1 and VAR3. The abundance is relatively similar 
in R5.1 or not in R5.2 or R5.3 with VAR1 or VAR3 were the most abundant respectively. 
Camembert diagrams illustrate the proportion of these R haplotypes for each population. 
Consistently to the data obtained with CIII Prxs markers, the 9 populations (Camu, Gava, Grip, 
Hern, Hosp, Jaco, Pont, Prad and Roch) were found 90-100% homogenous compared to the 




Figure 3. 3'ETS 45S rDNA haplotypes in the 9 natural populations (Camu, Gava, Grip, Hern, 
Hosp, Jaco, Pont, Prad and Roch). (A) PCR amplification of 3'ETS 45S rRNA gene sequences 
resuming the different haplotypes encountered in 9 Pyrenean populations (R1, R5, R6 and R7), 
the out-group Lant population close to Toulouse, France and the two control ecotypes, Col and 
Sha. Numbers show 3'ETS 45S rRNA gene variants (VAR1 to 4) based on expected sizes 
known in the control Col ecotype (Pontvianne et al., 2010 ; Abou-Ellail et al., 2011). mix 
indicates the control reaction without a genomic DNA template. (B) Camembert diagrams 
representing the proportion of these haplotypes in the 9 Pyrenean populations and the Lant out-
group population. Capital and lowercase letters (VAR or var) indicate which variant is the most 
abundant in the haplotype when appropriate. The populations were georeferenced using 




Systematic (Tab 2), structuring Bayesian (Fig. 1) or Neighbor-Joining analyses (Fig. 2) 
highlight an unexpected natural and local genetic diversity within and between populations. 
Surprisingly indeed, these three approaches identified the same populations as homogeneous 
(Jaco, Grip, Hosp, Hern, Roch and Prad). Our study shows that the natural variability can be 
important even in highly self-fertilizing plants and must not be neglected in omics projects. 
Populations with genetic diversity and originated from contrasted environmental could present 
different characteristic phenotypes. 
 
The germination speed varies according to natural variability. 
The germination step is crucial in the adaptation of plant populations to different 
climatic conditions. To test the viability of these accessions, germination was tested in 
Arabidopsis standard growth conditions (22°C). To analyse the germination, only one 
individual per population was randomly chosen regardless the results of the genetic analyses. It 
should be noted that the Mong population was absent from the phenotyping in general, and 
from the germination tests in particular because only fresh material without seeds was initially 
collected in the Pyrenees Mountains. Unfortunately, its natural location was destroyed by 
human activity, preventing us from collect seeds. 
The germination rate was constant among the 29 Pyrenean populations tested (higher 
than 90%, data not shown) but considerable variations in the germination speed were observed 
between them. 
In Arabidopsis thaliana, it is known that the early steps of germination comprise the 
successive rupture of two protective seed envelopes: first the testa (the seed coat), then the 
endosperm (the inner nutritive tissue) (Fig. S3). The percentages of testa rupture (TR) and 
endosperm rupture (ER) were evaluated at 22°C, 24 and 30 h after imbibition, respectively (Fig. 
4, Fig. S3 B-E), because the differences observed are maximised at these two time points. We 
observed that the germination speed varies considerably between populations: some like Gedr, 





Figure 4. Correlation between testa and endosperm rupture in natural populations of A. thaliana 
seeds observed 24 and 30 h after imbibition. To compare with known ecotypes, Col and Sha 
are represented by checkered circles. Data are available in supporting Information S3. 
 
We also observed that the percentage of testa rupture was proportional to the endosperm 
rupture for the populations (R² = 0.64), albeit not all of them (Fig. 4). Indeed, the TR/ER ratio 
was significantly higher for Herr, Biel, Gedr, Bedo and for the non-Pyrenean ecotype, Sha as 
compared to the other Pyrenean populations, meaning that in the former populations the testa 
layer could be weaker or that the embryo growth may be slower than the majority of the other 
ecotypes. Conversely, Gava and Camu showed a similar profile than the ecotype Col, with a 
percentage of ER higher than the TR. That could be explained by the resistance of the testa or 
the different forces (e.g. pressure, turgescence) applied by the embryo (Müller et al. 2006). 
This early step in seed life is crucial for plant survival, facing natural climatic variations. 
The cell wall composition of the testa could be analysed to confront these results and to link 
germination rate to the natural growth environments. The control of germination can be a 
predominant phenotypic trait for plants to be more adapted to environmental constraints in 
natura with two different strategies. Rapid maturation allows the plant to maturate faster under 
unfavourable climatic conditions. Alternatively, slow germination rate allows the plant to 
control growth timing by waiting for better conditions. The differential growth speed observed 
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may explain the contrasted time to reach at the bolting stage and, in this way, makes possible 
to increase the chance to reproduce faster within diverse climatic constraints.  
 
Cold growth conditions induced large range of phenotype response. 
The same individuals, used for germination assays, were also chosen for phenotyping 
analysis at later steps. To better understand phenotypic variations in response to the abiotic 
gradient and specifically to temperature fluctuation, the phenotypes of A. thaliana growing at 
22°C (optimal growth condition for Col) and 15°C (to reproduce altitudinal growth conditions 
and sub-optimal growth for Col) were compared. The rosette of 4- and 6-week old plants grown 
at 22°C and 15°C, respectively, corresponded to the bolting developmental stage for the well-
known populations Col and Sha (Duruflé et al. 2017). Contrasted rosettes phenotypes growing 
at 15°C and at 22°C were observable (Fig. 5A and B). The rosette phenotyping was performed 
by counting the number of leaves (Fig. S5), weighting the rosettes (Fig. S6), measuring their 
diameter (Fig. S7), estimating the time to reach the bolting stage (Fig. S8), and assessing their 
anthocyanin (Fig. S9) and chlorophyll contents (Fig. S10). The floral stem phenotyping 
involved counting the number of cauline leaves on the main stem (Fig. S11), measuring the 
length (Fig. S12) and the diameter of the stem (Fig. S13), and also estimating the stem growth 
speed (Fig. S14). It should be noted that Pont appeared to be a “winter-annual” Arabidopsis 
ecotype (Chouard 1960; Gazzani et al. 2003 2005; Michaels & Amasino 1999) and only the 
rosette data were analysed. However, floral stems data of this population were too different to 




























Figure 5. Intraspecific morphology variation in Arabidopsis thaliana. Photographic images of 
representative phenotypic differences of rosettes observed at (A) 22°C and (B) 15°C of the 
populations of A. thaliana in Pyrenees Mountains and the 3 out group populations Lant, Col 
and Sha. Photographs taken just before harvest.  
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In general, the number of leaves, the weight and the diameter of the rosettes were higher 
at 15°C than at 22°C, with the exception of Bran and the well-known Col and Sha ecotypes 
whose rosettes had a smaller diameter at 15°C as compared to 22°C (Duruflé et al. 2017) or 
Pont which had a reduced rosette weight at 15°C than at 22°C (Fig. S5A, 6A). The absence of 
clear correlation for all the populations between the weight of rosette and the number of leaves 
could be explained by different densities of the leaves. Indeed, leaves and petioles could be 
thicker due to a higher quantity of cell wall. 
In parallel, increased stem diameter, longer stems, more cauline leaves were observed 
in plants grown at low temperature, with the notable exceptions of Hern and Prad (less cauline 
leaves), and Biel (shorter stems at 22°C than at 15°C). The stems growth speed was also 
significantly positively affected by low temperature. For example, Eaux, Fos and Chau stems 
grew slower at 22°C than at 15°C (Fig. S14). 
Anthocyanin accumulation in leaves is considered as a general stress marker in plants 
(Mori et al. 2009) but in given situations such as for highland species, this could be a protection 
against UV radiations (Close & Beadle 2003). To evaluate the individual level of resistance to 
stress of A. thaliana Pyrenean plants grown at different temperatures, we quantified 
anthocyanin in the leaves of individuals cultivated either at 15°C or at 22°C. Most of the 
populations (e.g. Argu, Jaco, Eaux and Bier) showed an increase of anthocyanin content of 
rosettes grown at 15°C as compared to 22°C (Fig. S9), reflecting difficulties for these 
populations to withstand the more stressful cooler growth conditions. However, as expected 
from its natural localization (1.456 m), the Pont population (and the non-Pyrenean altitudinal 
control Sha) is well adapted to grow at low temperature as demonstrated by the fact that it does 
not accumulate high level of anthocyanin, even when grown at 15°C. 
Chlorophyll content is an indicator of photosynthesis activity as well as of the whole 
metabolism. Based on their relative chlorophyll content when grown at 15°C or 22°C, the 
Pyrenean populations could be divided into two groups: those with significantly more 
chlorophyll at 15°C than at 22°C (e.g. Mere, Chau, Eget, Bran, Biel) and those with more 
chlorophyll at 22°C than at 15°C (e.g Cast, Hosp, Prad, Roch, Hern). It should be noted that all 
the populations have about the same level at 15°C (Fig. S10D). This phenomenon can be due 
to a compensatory effect to face the reduction of the metabolic activity at 15°C (Strand et al. 
1997) and the variability of Rubisco catalysis present in natura (Stitt & Schulze 1994; Walker 
et al. 2013). This natural variability observed at 22°C might prove useful for acclimation to the 
global warming context. 
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In this study, some Pyrenean populations show reduction of the initiation of flowering 
time characterized by early bolting stage at 22°C compared to Col and Sha. Indeed with 
references to Col and Sha, a group of precocious populations can be viewable such as Eaux, 
Cast, Fos, Chau or also Gava (Fig. S8). It appeared that populations with a later bolting stage 
at 22°C showed a flowering time equal or advanced at 15°C like Prad, Argu and Belc. Activity 
of the regulators of the floral repressor FLC (flowering locus C), FCA and FVE (flowering 
locus CA and VE) pathways or the SVP (short vegetative phase) gene could explain this natural 
variation of flowering time (Blázquez et al. 2003; Lee et al. 2007; Simpson & Dean 2002) with 
different ambient temperatures. 
 
Multilevel analyses reveal different phenotype diversity of plasticity  
All the phenotypes can be analysed independently to explain the acclimation to the 
different growth temperatures. But as the 10 traits measured were variable between the two 
growth conditions and between the populations/ecotypes, PCA was performed to obtain more 
conclusive results. Multilevel methods of PCA can be used if repeated measurements from 
different treatments are applied on the same individual. This multilevel multivariate approach 
was developed to highlight treatment effects within subject separately from the biological 
variation between subjects (Liquet et al. 2012). Under these conditions, we propose an overview 




Figure 6. Overview of the phenotype observed at 22°C and 15°C. (A) Multilevel scaled PCA 
of the phenotypes observed at 22°C (in orange) and at 15°C (in blue) on the day of the harvest. 
Values for x and y axes are those of PC1 and PC2, respectively. (B) Two dimensional canonical 
graph for a multilevel normed PCA (correlation circle), the positions of the variables show the 
quality of the correlation between them. To visualize correctly the variables highly correlated, 
some of them are combined in a same box. (C) Distance separating the populations according 
to the temperature in the scaled PCA multilevel. To compare with known ecotypes, Col and 
Sha are represented with pattern. R_Chloro: chlorophyll content in rosette; R_antho: 
Anthocyanin content in rosette; Day_bolting: time to growth at the stage 5.1; R_weight: fresh 
weight of the rosette; Nb_leaves: number of leaves of the rosette; R_diam: rosette diameter; 
St_diam: diameter of the floral stems; St_speed: calculated stem speed; St_cauline: number of 
lateral stems/cauline leaves. St_max: length of the stems  
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The objective of this multivariate approach was to characterize the phenotypic diversity 
between populations. In this analysis, populations are clearly separated by the temperature 
effect in the first axis (55%). This separation is mainly due to the chlorophyll overall content 
which is more abundant in rosette from plant cultivated at 22°C as compared to 15°C, and to 
the other phenotypic parameters generally higher at 15°C than 22°C in most of the populations. 
Chlorophyll content appears to be a good proxy to characterize the acclimation of populations 
to different temperature growth conditions. Indeed, highland population like Prad and Hosp 
appears with more chlorophyll content at 22°C than 15°C in contrario to the lowland population 
Chau and Biel. The second axis differentiates Pyrenean populations by the time to reach the 
bolting stage, a characteristic that is negatively correlated with the floral stem speed. For 
example, Bran, Fos and Eaux reach the bolting stage earlier when grown at 22°C vs. 15°C and 
have a faster stem growth speed than the other Pyrenean populations when cultivated at 22°C. 
These parameters (time to reach bolting stage and stem growth speed) appear to be independent 
from the developmental stages and could be used to compare different populations.  
Contrasted temperature growth conditions highlights variable phenotypic plasticity in 
more or less genetically heterogeneous populations. The global acclimation difference between 
the populations can be visualized by the distance separating the populations according to the 
temperature in multilevel PCA (Fig. 6C). A longer distance between the two temperature 
growth conditions could mean that the phenotype is more plastic and then more variable. The 
Pyrenean population Roch, Grip, Prad and Eaux showed an elevated phenotypic plasticity and 
also a low genetic variability (homogeneous populations). In contrast, the populations Mere, 
Savi, Chau, Guch, Lant and Bedo showed less phenotypic plasticity and a large genetic 
variability. Since, only one individual per population has been phenotyped, it can be hazardous 
to conclude about phenotypic plasticity for a whole population. But, we hope this research will 
help to predict the evolution of plastic responses to environmental change (Auge et al. 2017; 
van Kleunen & Fischer 2005; Vitasse et al. 2010). 
This phenotypic analysis showed high intraspecific morphology variation that could be 
explained by the natural diversity of acclimation to contrasted temperature variations (Hamilton 
et al. 2015). Cell wall is crucial in growth control, for the structural integrity of the global plant 
shape (Sasidharan et al. 2011) and contributes to plant architecture variation in response to 
environmental changes (Houston et al. 2016; Le Gall et al. 2015). These morphological 




Relationship between phenotypic genetic and environmental data. 
Kruskal-Wallis nonparametric tests were used to evaluate the effect of genetic clusters 
or environmental data, on phenotypic traits variation (Fig. 7A, B) and discover potential 
correlations between them. 
In the populations assigned to 3 distinct genetic clusters by the STRUCTURE analysis, 
rosettes and floral stems phenotypes are impacted. Indeed, of the Pyrenean populations 
considered as homogeneous (cluster 1 and 2) have systematically wider stems than the hybrid 
populations (cluster 3) at both growth temperature conditions (Fig. 7C). We hypothesize that 
this trait might allow homogeneous populations to resist to strong winds in order to sustain 
seeds dissemination. Moreover, rosettes of populations from the cluster 3 are smaller than those 
of populations from cluster 1 at the same temperature. At 22°C, the same tendencies are visible, 
albeit not significant despite the low variability of the data in this genetic cluster (Fig. 7D). 
Because populations of the cluster 1 are specific of the Pyrenean Mountain, one phenotypic 






















Figure 7. Relationships between phenotypic data observed at 22°C and 15°C, genetic and 
environmental classification of the populations. (A) Classification of the populations in function 
of the genetics allocation into their estimate membership proportions in each genetics cluster 
determined by STRUCTURE (see Fig.S2C) and environmental classification of the populations 
according to their environmental conditions considering as plain, medium and high altitudes 
(Climate PC1 rank). (B) Results of the Kruskal-Wallis nonparametric test between variables and 
classification in function of the genetics and the environmental groups. Colour code represents 
the p-value of the test (Blue light: P ≤ 0.1; Dark blue: P ≤ 0.5). (C) Measurements of the diameter 
of stems depending upon the genetics clusters. (D) Measurements of the diameter of rosettes 
depending to the genetics clusters. (E) Measurements of the chlorophyll content in rosettes 
depending to the environmental classification. Mean (± SEM) and associate to the significant 
differences between data are shown with Wilcoxon test: ‘*’, P ≤ 0.05; ‘.’, P ≤ 0;1). 
TR_24h: Testa rupture at 24 h; ER_30h: Endosperm rupture after 30 h; R_diam: rosette diameter; 
R_weight: fresh weight of the rosette; Nb_leaves: number of leaves of the rosette; R_Chloro: 
chlorophyll content in rosette; R_antho: Anthocyanin content in rosette; Day_bolting: time to 
growth at the bolting stage; St_cauline: number of lateral stems/cauline leaves; St_max: length 
of the stems; St_diam: diameter of the floral stems; St_speed: calculated stem speed; Plasticity: 
Distance separating the populations according to the scaled PCA multilevel; Cluster_1: 
Assignment at the genetics Cluster 1 determined by STRUCTURE. 
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Finally, populations were also distributed in 3 distinct environmental conditions 
(namely “plain”, “medium” and “high” altitudes) in agreement with the climate PC1 value (Fig. 
7A). Indeed, clear correlations exists between phenotypic traits and the original environmental 
conditions characterized by the climate PC1 value. For example, populations living in high 
altitude show significantly higher chlorophyll content at 15°C compared to the other 
populations. However, this was not observed at 22°C (Fig. 7E). Acclimation of the highland 
populations to low temperature environmental conditions could be due to these phenotypic 
characteristics. Indeed, chlorophyll content serves as an indicator for the overall availability of 
photoreaction centres (Ballottari et al. 2007), at high altitude this accumulation may play a role 
in cold acclimation. 
No clear correlation can be established between genetic cluster assignment and 
environmental data (Fig. 7B). However, Fig. 7A highlights the case that hybrid populations are 
mostly located at medium altitude 
 
In summary, the present characterization of 30 populations of A. thaliana using 5 CIII 
Prx markers has allowed to estimate the population structure and the genetic relationship 
between these populations within the Pyrenees Mountains. Genetic structure as well as inter- 
and intra-population variation emphasized the unexpected variability found in this region. 
Regarding the various genome sequencing projects (1001 Genomes Consortium): 9 Pyrenean 
populations appear genetically close and homogeneous to other ecotypes known in the region; 
11 Pyrenean populations appear genetically close, homogeneous and specific of these 
mountains and 9 Pyrenean populations appear as hybrids of these two genetics clusters.  
This study also revealed phenotypic variations in acclimation of A. thaliana across 
abiotic gradient characterized here by the temperature. Some of them are correlated with 
identified genetic clusters or with environmental data. These analyses contribute to enrich 
knowledge on abiotic stress acclimation in natural plant populations. Preliminary analyses 
suggest that the phenotypic acclimation may be due to the cell wall modification affected by 
low temperature (Duruflé et al. 2017). Transcriptomic, proteomics and cell wall 
polysaccharides analysis could prove helpful in study cell wall plasticity.  
Plant adaptation to the environment is a complex process in the context of global 
warming. Is not possible to conclude that the most adapted phenotype to the temperature 
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elevation is not always the most plastic phenotype. Because plasticity have a cost, research from 
interdisciplinary work could prove helpful to select the best crop genotype in future. 
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L’étude de la structure génétique ainsi que des variations inter et intra-population ont 
mis en évidence la variabilité spécifique des populations d’A. thaliana identifiées dans cette 
région. Cette étude a également révélé des variations de plasticités phénotypiques lors de 
l'acclimatation d’A. thaliana à un gradient abiotique caractérisé ici par la température. Certains 
de ces traits phénotypiques se trouvent corrélés à l’appartenance à un cluster génétique ou aux 
caractéristiques climatiques d’origines de ces populations. Cette étude contribue à enrichir les 
connaissances sur l'acclimatation et la plasticité phénotypique des plantes face au changement 
climatique. 
 
L’étude d’A. thaliana dans la région de la chaîne de montagnes des Pyrénées nous a 
également permis d’identifier quatre populations (Roch, Grip, Hern et Hosp) de par leurs 
homogénéités, leurs différences génétiques ainsi que leurs altitudes contrastées. Ces 
populations seront utilisées par la suite dans le projet WallOmics détaillé en partie IV.2. Cette 
dernière partie sera consacrée au dernier objectif du projet WallOmics : l’analyse, le traitement 
et l’intégration de données omiques hétérogènes dans le but de mieux comprendre la plasticité 
















IV. Études de cas : plasticité pariétale et 







IV.1 Cell wall adaptation of two contrasted ecotypes of Arabidopsis thaliana, 
Col and Sha, to sub-optimal growth conditions: an integrative study 
Afin de mettre en place un protocole expérimental pour la création du projet WallOmics, 
un projet a été initié en 2014. Ce projet visait à étudier deux écotypes provenant d’altitudes et 
a fortiori de conditions de croissances contrastés. Ainsi, les rosettes de l’écotype Col provenant 
des plaines de Pologne (200m) et Sha, provenant de la haute vallée de la rivière de Shahdara au 
Tadjikistan (3400m), ont fait l’objet d’une première étude multi-blocs après avoir été 
acclimatées à des conditions de température de croissance sous-optimales (22°C et 15°C). Cette 
étude combine des données phénomiques, de composition de polysaccharides pariétaux, de 
protéomique pariétale, ainsi que des données de transcriptomique (analyse par RNA-seq). 
Les auteurs contribuant à ce travail appartiennent pour la plupart au COST (European 
cooperation in science and technology) FA1306 intitulé : The quest for tolerant varieties: 
phenotyping at plant and cellular level. L'un des principaux objectifs de ce groupe est de 
discuter des outils aidant à traiter de grands jeux de données hétérogènes dans un but d’analyse 
intégrative. Cette étude permet, de par une première approche descriptive de chaque bloc et une 
analyse intégrative, la mise en lien des différents blocs entre eux. 
Cette étude est ciblée sur les parois cellulaires en tant que barrières physiques 
dynamiques variant en structure et en composition, en réponse aux changements 
environnementaux. Ce projet confirme que les parois végétales peuvent jouer un rôle pendant 
l'acclimatation de la plante à des températures de croissance sub-optimales. De plus, de putatifs 
gènes / protéines candidats d'intérêt pour de futures études fonctionnelles ont pu être identifiés. 
Outre la quantité importantes de résultats, obtenus cette étude a également mis en évidence la 
complexité des analyses intégratives en ne considérant qu’un seul organe provenant de deux 
écotypes. 
Ce travail pose donc les premières bases pour de futurs travaux réalisés avec une 
approche intégrative pour la communauté COST FA1306 ainsi que pour le projet WallOmics. 
Enfin, il met en lumière un certain nombre de candidats susceptibles d’être utilisés pour des 
analyses fonctionnelles 
Cette étude, publiée dans la revue Plant Science est présentée ci-après. 
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A B S T R A C T
With the global temperature change, plant adaptations are predicted, but little is known about the molecular
mechanisms underlying them. Arabidopsis thaliana is a model plant adapted to various environmental conditions,
in particular able to develop along an altitudinal gradient. Two ecotypes, Columbia (Col) growing at low alti-
tude, and Shahdara (Sha) growing at 3400 m, have been studied at optimal and sub-optimal growth temperature
(22 °C vs 15 °C). Macro- and micro-phenotyping, cell wall monosaccharides analyses, cell wall proteomics, and
transcriptomics have been performed in order to accomplish an integrative analysis. The analysis has been
focused on cell walls (CWs) which are assumed to play roles in response to environmental changes. At 15 °C,
both ecotypes presented characteristic morphological traits of low temperature growth acclimation such as re-
duced rosette diameter, increased number of leaves, modiﬁcations of their CW composition and cuticle re-
inforcement. Altogether, the integrative analysis has allowed identifying several candidate genes/proteins
possibly involved in the cell wall modiﬁcations observed during the temperature acclimation response.
1. Introduction
In the global warming context, elevated temperature is considered
as the most serious change and it is already observed. The seasons are
often altered with changes in temperature and occurrence of freezing
stress that can appear without any preceding chilling period [1]. A
study has shown that in the main European mountains, climate changes
are ongoing and gradually transforming mountain plant communities
[2]. As a consequence of this process, the more cold-adapted species are
declining whereas the warm-adapted ones are prospering. Global
warming is also critical to maintain agricultural productivity in the
future [3]. Arabidopsis thaliana (L.) Heyhn, a Brassicaceae originating
from the Eurasian continent [4], is adapted to multiple environmental
conditions. This annual self-fertilized plant is a very good model for
phenotypic plasticity studies. Furthermore, the large accumulation of
genomics, genetics and molecular data regarding this plant is very
helpful for the understanding of stress responses at multiple levels
[5,6]. Although the variability between A. thaliana populations is well-
recognized and studied at the genomics level, the molecular mechan-
isms below are still poorly described [7]. Converselly, phenotypic
predictions from genotypes are complex because of epistatic interac-
tions between genes usually controlling responses to environment.
Despite the evidence that adaptation to local climate changes is
common in plant populations, a lot of work remains to be done to
understand the genetic evolution contributing to climate acclimation.
As an example, plant ecotypes are able to speciﬁcally develop along an
altitudinal gradient and modiﬁcation of their cell walls (CWs) could be
one trait of their adaptation and/or acclimation. Indeed, CWs represent
dynamic external physical barriers, the composition and structure of
which vary upon developmental and environmental changes [8,9].
They play critical roles in the control of growth, cell shape, and struc-
tural integrity [10] thanks to modiﬁcations in CW protein (CWP) con-
tent which lead to changes in cell wall architecture [11–13].
The large collection of A. thaliana ecotypes [14] living in contrasted
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habitats diﬀering by their climate is a material of choice to look at the
physiological responses to environmental constraints [15]. Although
there are numerous studies aiming at understanding the plant response
to limited-exposure to abiotic stresses (for reviews, see [16,17]), data
regarding the physiology of plants grown at sub-optimal temperatures
is scarce. Two studies have recently been performed with three eco-
types from Sweden, Poland and Italy corresponding to three diﬀerent
growth temperature regimes [18,19]. Changes in photosynthetic ca-
pacities, leaf thickness and morphology of tracheary elements in cor-
relation with transpirational water loss have been observed when these
ecotypes were cultivated at low (day at 12.5 °C/night at 8 °C), moderate
(25 °C/20 °C) or high temperature (35 °C/25 °C). The results of this
phenotyping could be correlated with the latitude and the temperature
of the habitat of origin. However, data are still lacking to deeply un-
derstand the acclimation mechanisms at the molecular level.
For our study, two ecotypes of A. thaliana originating from con-
trasted natural environments, Columbia (Col) and Shahdara (Sha) have
been used [20]. Col initially originating from Poland was adapted to
both low altitude and high temperature, whereas Sha is growing at
3400 m in a high valley of Tajikistan. Since, it was not possible to re-
create the real ecological environment of Col and Sha, we have focused
the study on the temperature eﬀect as a ﬁrst step towards the under-
standing of the environment acclimation response. Two diﬀerent
growth conditions have been studied: 22 °C (optimal growth condition
for Col) and 15 °C (optimal growth condition for Sha). An integrative
approach has been performed, combining macro- and micro-pheno-
typing, and CW monosaccharide, CW proteomics, and transcriptomics
analyses. Statistical analysis of the data has allowed establishing cor-
relations between the diﬀerent datasets and identifying candidate
genes/proteins possibly involved in the temperature acclimation re-
sponse of Col and Sha ecotypes.
2. Materials and methods
2.1. Plant material
The Col and Sha ecotypes of A. thaliana (L.) Heyhn were used
(Supplementary Fig. S1). Climatic variables were obtained from
WorldClim [21] (www.worldclim.org) at the GPS geographic origins of
the Col (52.745416, 15.235557) and Sha (39.250103, 68.249919)
ecotypes (publiclines.versailles.inra.fr). Seeds were sown in Jiﬀy-7®
peat pellets (Jiﬀy International, Kristiansand, Norway). After 48 h of
stratiﬁcation at 4 °C in darkness, plants were grown at a light intensity
of 90 μmol.photons/m2/s, a humidity of 70% and under a 16 h light/
8 h dark photoperiod at two diﬀerent temperatures: 22 °C and 15 °C.
Four- or 6-week-old rosettes were collected at the bolting develop-
mental stage after growth at 22 °C or 15 °C, respectively (Supplemen-
tary Fig. S1).
2.2. Macrophenotyping
The rosette diameter and mass were measured at the time of sam-
pling, together with the count of leaves. Before storage at −80 °C,
pictures were taken to measure rosette areas with the ImageJ software
[22]. Leaf density was determined from the leaves of three re-
presentative plants per experiment.
2.3. Anthocyanin content
Ground rosette material (0.1 g) was mixed with 1 mL of 95%
ethanol/1% HCl and stored at 5 °C for 24 h in darkness. The samples
were centrifuged for 10 min at ×1000g. The absorbance of the super-
natant was measured at 530 and 657 nm. Anthocyanin concentration
(μg anthocyanin/mg fresh material) was calculated using the following
formula: (A530− 0.25 × A657)/mg of fresh material [23].
2.4. Histological staining of cell walls
Whole rosettes were harvested by cutting above the crown and ra-
pidly individually inﬁltrated under vaccum in 50 mL Falcon tubes with
FAA (10% formalin (37% formaldehyde solution, Sigma-Aldrich, Saint-
Quentin Fallavier, France); 50% ethyl alcohol; 5% acetic acid; 35%
distilled water). They were ﬁxed for 16 h at 4 °C. The dehydration and
paraplast inﬁltration protocol was as previously described [24]. The
whole rosettes were processed in individual tubes used as embedding
molds in order to keep traces of the phyllotaxy. Twenty μm-thick serial
sections were disposed on silane-coated microscope slides (2–4 rosettes
per slide). In order to ensure comparison of labelling intensities among
the rosettes, a 20 slide-plastic holder and 200 mL staining jars were
used [24]. Intracellular material was removed by incubating sections in
2.6% bleach for 20 min [25] followed by thorough washes with dis-
tilled water. Sections were then incubated for 5 min in 0.5% safranin
red solution (CI 50240; Kuhlmann, Paris, France), washed with distilled
water to remove excess staining solution and then incubated for 90 min
in 0.005% alcian blue solution (CI 74240, Sigma-Aldrich) [26,27].
Following extensive washing, slides were dried, mounted in Eukitt®
(quick-hardening mounting medium, Sigma-Aldrich) and scanned using
a NanoZoomer HT scanner (Hamamatsu, Hamamatsu City, Japan). The
auto-ﬂuorescence of aromatic compounds was observed using a DAPI
ﬁlter set (excitation: 387 nm+/− 11 nm; dichroic mirror 405 nm;
emission: 440+/− 40 nm) using a NanoZoomer RS scanner (Hama-
matsu).
2.5. Measurement of cuticle permeability
To quantify water-loss, rosettes were excised, gently wiped to re-
move excess water and put in an oven at 40 °C. The fresh masses were
recorded, before and after diﬀerent times at 40 °C, using a micro-bal-
ance. Data were expressed as percentage of fresh rosette mass reduction
in reference to the initial fresh mass. Epidermal permeability was also
assessed using chlorophyll eﬄux. Entire rosettes were collected and
immersed in 40 mL 80% ethanol/0.7 g of fresh mass and gently shaken
at room temperature. Aliquots of 2 μL were sampled at diﬀerent times
after immersion and chlorophyll content was determined by measuring
absorption spectra at 664 and 647 nm using a spectrophotometer DS-11
FX (DeNovix, Wilmington, DE, USA). Chlorophyll content was calcu-
lated using the following formula: (A663 × 7.15 + A647 × 18.71)/mg
of fresh material = μg chlorophyll/mg fresh material [28].
2.6. Extraction of proteins from puriﬁed cell walls
CW puriﬁcation was performed using 20 rosettes (about 10 g) for
each experiment as described [29]. The sequential extraction of pro-
teins from puriﬁed CWs was performed as described [30]. Typically,
0.2 g of lyophilized CWs was used for one extraction and about 500 μg
proteins were extracted. The ﬁnal protein extract was lyophilized.
Proteins were quantiﬁed with the CooAssay Protein Assay kit (Inter-
chim, Montluçon, France).
2.7. Cell wall monosaccharide analyses
The sequential extraction of CW polysaccharides in four steps was
adapted from [31]. One hundred mg of a deproteinized CW fraction
(corresponding to 20 mg dry cell walls) were used. Four successive
extractions were carried out to obtain extracts enriched in pectins (E1
and E2) and hemicelluloses (E3 and E4). Extractions were performed at
room temperature as follows: (i) overnight-incubation with 300 μL of
50 mM diamino-cyclo-hexane-tetra-acetic acid (CDTA), pH 7.5, to ob-
tain E1 extracts; (ii) 3 h-incubation with 300 μL of 50 mM Na2CO3,
20 mM NaBH4, to obtain E2 extracts; (iii) 3 h-incubation with 300 μL
20 mM NaBH4, 1 M NaOH and then 4 M NaOH, to obtain E3 and E4
extracts, respectively. The supernatants were recovered by
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centrifugation for 10 min at 2500g. Each extract was hydrolysed in 2 N
TFA for 1 h at 120 °C. After 10X dilution in UHQ water, mono-
saccharides were analyzed by High-Performance Anion-Exchange
Chromatography coupled to Pulsed Amperometric Detection (HPAEC-
PAD; Dionex, Sunnyvale, CA, USA) using a CarboPac PA1 column
(Dionex). A ﬁrst isocratic step using 15 mM NaOH was carried out to
separate neutral carbohydrates. Then, the NaOH concentration was set
up to 150 mM before the application of a linear gradient of sodium
acetate from 0 to 600 mM in 150 mM NaOH in 30 min to enable the
elution of acidic monosaccharides. All the runs were performed at a
ﬂow rate of 1.0 mL/min.
Standard monosaccharides were used for identiﬁcation and quan-
tiﬁcation: L-arabinose (Sigma-Aldrich); L-fucose (Sigma-Aldrich); D-ga-
lactose (Sigma-Aldrich); galacturonic acid (Sigma-Aldrich); L-rhamnose
(Sigma-Aldrich); D-glucose (Merck, Darmstadt, Germany); and D-xylose
(Roche, Mannheim, Germany).
2.8. Identiﬁcation of proteins by LC–MS/MS
Proteins were separated by a short one-dimensional electrophoresis
(5 mm-run) and three samples were cut out of the gel as described [32].
The LC–MS/MS analyses were performed at the PAPPSO proteomics
platform (pappso.inra.fr/) essentially as described [32]. A few para-
meters have been changed for MS data processing in the X!Tandem
software (www.thegpm.org/tandem/) and the X!Tandem Pipeline 3.3.4
[33]. Trypsin digestion was declared with no possible miscleavage
(Supplementary Table S1). Only proteins identiﬁed with at least two
diﬀerent speciﬁc peptides in the same sample and found in at least two
biological repeats were validated. Furthermore, quantiﬁcation was
performed on peptides with standard deviation retention times lower
than 20 s and peak width lower or equal to 100 s.
2.9. Bioinformatic annotation of proteins and statistical analyses of
quantitative data
The prediction of sub-cellular localization and of functional do-
mains of proteins was performed with the ProtAnnDB tool [34]. A
protein was considered as a CWP if (i) at least two bioinformatic pro-
grams predicted it as a secreted protein, (ii) no intracellular retention
signal was found and (iii) no more than one trans-membrane domain
was found [35]. The quantiﬁcation was only performed for the 379
identiﬁed CWPs using the MassChroQ software [36]. Proteomics data
and procedure details are available in Supplementary Tables S1 and S2.
All the LC–MS/MS data have been deposited at PROTICdb (proteus.
moulon.inra.fr/w2dpage/proticdb/angular/) and CWP MS data at
WallProtDB (www.polebio.lrsv.ups-tlse.fr/WallProtDB/).
2.10. RNA sequencing
For the transcriptomics analysis, frozen samples were ground in li-
quid nitrogen and total RNAs were extracted using the RNeasy Plant
Mini Kit (Qiagen, Courtaboeuf, France). RNA quantiﬁcation was per-
formed using a spectrophotometer ND-1000 (NanoDrop, Wilmington,
DE, USA) and RNA quality was assessed on an Agilent 2100 Bioanalyzer
(Agilent Technologies, Courtaboeuf, France). RNA seq experiments
were performed on an Illumina HiSeq 3000 at the GeT-PlaGe platform
(get.genotoul.fr, Auzeville, France) according to the standard Illumina
protocols. Short pair-end sequencing reads generated were analysed
using the commercial CLC Genomic Workbench 8.0 software (CLC bio,
Aarhus, Denmark). RNA seq data and procedure details are available in
Supplementary Table S3. Sequences are available at NCBI short read
archive (SRA, BioProject PRJNA344545).
2.11. Data integration
Data analysis was performed in the R environment (cran.r-
Fig. 1. Macro-phenotyping of Col and Sha plants grown at 22 °C and 15 °C. Experimental design (A), rosettes observed at 22 °C (4 weeks of culture) and 15 °C (6 weeks of culture) in
growth chamber conditions (B). Measurement of rosette diameter (C), number of leaves (D), leaf density (E), and anthocyanin content (F). Twenty plants from 3 independent batches have
been analyzed (mean ± SD). Statistically signiﬁcant diﬀerences with regard to the reference (Col 22 °C) are shown with asterisks (ANOVA: ‘***’ 0.001; ‘**’ 0.01; ‘*’ 0.05).
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project.org). ANOVA statistical tests were carried out in order to de-
termine diﬀerentially expressed genes or accumulated proteins for
ecotype, temperature and ecotype × temperature eﬀects. In addition of
these tests, the Duncan’s multiple range test has been performed on
some data to allow a better visualization of the diﬀerent sets of means.
Multivariate analyses (PCA) were achieved using the mixOmics
package [37] available in CRAN (cran.r-project.org/pack-
age = mixOmics).
3. Results
3.1. Morphological phenotypes of Col and Sha ecotypes depend on
temperature growth conditions
Macro-phenotypes of 4-week-old plants grown at 22 °C and 6-week-
old plants grown at 15 °C have been analysed (Fig. 1A). In our growth
conditions, 4 and 6 weeks corresponded to the bolting time for plants
grown at 22 °C and 15 °C, respectively. Rosettes of Col and Sha plants
grown at 15 °C showed reduced diameters and an increase in leaf
number (Fig. 1B–D), both correlated with an increase in rosette density
(Fig. 1E). Col plants presented very contrasted phenotypes between
22 °C and 15 °C and a dramatic increase in anthocyanin content was
observed at 15 °C (Fig. 1F). Conversely, Sha plants had traits, such as
decrease in leaf number and in anthocyanin content, less modiﬁed than
Col plants (Fig. 1D, F).
Microscopic analysis of leaf structures was performed on petiole
cross-sections of plants cultivated at 22 and 15 °C (Fig. 2). Staining with
safranin red and alcian blue of bleached sections allowed distinguishing
cell walls containing more hydrophilic polysaccharides (stained in blue)
from those containing more hydrophobic compounds (stained in red).
Larger petioles and higher safranin staining intensities of cuticle were
observed for both Sha and Col plants grown at 15 °C as compared to
plants grown at 22 °C. The overall staining with safranin red was the
most intense on cross-sections of petioles of Col plants grown at 15 °C
and of Sha plants grown at 22 °C. Moreover, lignin auto-ﬂuorescence
detection performed on similar cross-sections showed an increase of the
number of vessel elements at 15 °C for both ecotypes which could be
correlated with the rise of the vascular tissue area vs petiole tissue area
ratio (Fig. 2E–F).
In order to see whether the higher safranin staining intensity at low
temperature aﬀected permeability properties, water-loss and chlor-
ophyll leaching kinetics were measured on rosettes (Fig. 3). The rosettes
of plants grown at 22 °C systematically exhibited a higher percentage of
water-loss and leakage of chlorophyll than those of plants grown at
15 °C (Fig. 3). Altogether, these results were consistent with the re-
inforcement of cuticle hydrophobic properties observed at 15 °C for
both ecotypes.
3.2. Cell wall composition is temperature growth condition- and ecotype-
dependent
In order to determine if leaf morphological modiﬁcations in re-
sponse to low temperature could be associated with changes in CW
carbohydrate composition, polysaccharides were sequentially extracted
from rosette CWs. They were submitted to acidic hydrolysis and their
monosaccharide content was analysed, except for the cellulose fraction,
which could not be hydrolysed in our assay conditions. Four sequential
CW extracts were obtained with high quality of fractionation (Table 1).
As expected, higher contents in galacturonic acid and xylose residues
were respectively found in pectin- (extracts E1-2) and hemicellulose-
(extracts E3-4) enriched fractions. Whatever the temperature, Col ro-
settes contained more fucose, arabinose, galactose, glucose and xylose
residues in E3 and E4 extracts than Sha rosettes (Table 1). On the
contrary, rosettes of plants grown at 15 °C contained more arabinose,
galactose, glucose and galacturonic acid in the E1 and E2 extracts
(Table 1). Then, the theoretical CW polysaccharide composition has
been reconstructed based on the monosaccharide analyses and the
following formula adapted from a previous study [38] (Table 2). The
result of this calculation suggested that rosettes of plants grown at 15 °C
contained more xyloglucan (XG) compared to those grown at 22 °C
(Fig. 4). It also showed that the amounts of rhamnogalacturonan I (RGI)
and homogalacturonan (HG) were higher in rosettes of Sha plants
grown at 15 °C (Fig. 4).
3.3. Cell wall proteomes are modiﬁed at sub-optimal temperature growth
As CW composition depends upon temperature growth conditions, a
proteomics approach has been performed to identify CWPs possibly
involved in these modiﬁcations. The analysis by LC–MS/MS of proteins
extracted from puriﬁed CWs has led to the identiﬁcation of 965 dif-
ferent proteins validated in at least two out of three biological replicates
(Supplementary Tables S1 and S2). Three hundred and 79 proteins were
considered as bona ﬁde CWPs, i.e. predicted to be secreted with no in-
tracellular retention signal and at most one trans-membrane domain
[35] (Supplementary Table S2A). Altogether, 36 new CWPs have been
identiﬁed in this study, when compared with previous rosette pro-
teomes [39–43]. Among the 36, 4 were only found in rosettes of Col
plants grown at 15 °C, 6 and 13 in rosettes of Sha plants respectively
grown at 22 °C and 15 °C [32] (Supplementary Table S2A).
An unsupervised Principal Component Analysis (PCA) of the 379
quantiﬁed CWPs (Supplementary Table S2B), showed a clear segrega-
tion of the four samples, demonstrating the good quality and repeat-
ability of the analyses (Fig. 5A). The ﬁrst component has separated the
samples according to the temperature (22 °C vs 15 °C) and the second
one according to the ecotypes (Col vs Sha). A similar number of CWPs
diﬀerentially accumulated in each sample, as highlighted by the sta-
tistical ANOVA test (Supplementary Table S2B). Thirty nine and 41 out
of the 379 CWPs were diﬀerentially accumulated, depending on the
ecotype or the temperature variables respectively. In addition, 11 CWPs
were highlighted by this statistical test for the interaction between the
two variables.
Regarding the ecotype speciﬁcity, 25 and 14 CWPs were accumu-
lated at higher levels in Col and Sha rosettes, respectively (Table 3).
Among the CWPs mainly detected in Col rosettes, there were four
proteins acting on polysaccharides (three glycoside hydrolases (GHs),
one pectate lyase), two Ser proteases, two GDSL lipase acylhydrolases,
two lectins, one purple acid phosphatase and one fasciclin arabinoga-
lactan protein. Among the CWPs accumulated in Sha rosettes, there
were ﬁve proteins acting on CW polysaccharides (three GHs, one ex-
pansin-like A, one pectin methylesterase (PME)), two Asp proteases,
one COBRA-like protein, one purple acid phosphatase and one leucine-
rich repeat extensin. Regarding the growth temperature, 18 and 11
CWPs were accumulated at higher level respectively at 22 °C and at
15 °C (Table 3). There were four GHs, two proteases and one lipid
transfer protein (LTP) accumulated at 22 °C. There were four proteins
acting on polysaccharides (two GHs, one α-expansin, one PME) and
three proteases (Asp, Cys and Ser proteases) accumulated at 15 °C. The
combined eﬀect of ecotype and temperature (interaction) was more
subtle because some CWPs accumulated more in Col and Sha rosettes at
their optimal growth conditions (e.g. two α-expansins, At3g29030 and
At1g26770; one Ser protease, At1g04110), whereas others accumulated
more in Col and Sha rosettes at their sub-optimal growth conditions.
Altogether, the quantitative analysis of proteomics data has allowed
the identiﬁcation of CWPs accumulated either in one ecotype, at one
growth temperature or in one ecotype/growth temperature combina-
tion. Some protein families were represented in only one of these cases,
but others like GHs were found in several of them. These results allowed
pointing at speciﬁc functions for each CWP, due to either speciﬁc gene
regulation, localization of the protein or substrate/ligand interactions.
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3.4. Regulation of gene expression at the transcriptomic level depends on
both growth conditions and ecotypes
To complement this CW proteomics study, RNA seq analyses have
been performed leading to the identiﬁcation of 16,541 genes, among
which 2354 showed an ecotype eﬀect, 402 a temperature eﬀect, and 67
an interaction eﬀect (Supplementary Table S3A).
The multivariate analysis of the four “whole transcriptomes” sup-
ported the good quality and repeatability of the experiments (Fig. 5B).
In contrast to CW proteomics data (Fig. 5A), the PCA restricted to the
transcripts encoding the CWPs identiﬁed by proteomics (“CWP tran-
scriptomes”; Fig. 5C) showed a better separation according to the
ecotype variable, than to the temperature variable: 26% vs 20%, ac-
cording to the ecotype and 23% vs 38% according to the temperature
(Fig. 5A and C). PCA was performed with three additional gene sets:
2206 genes encoding proteins involved in CW biosynthesis or already
identiﬁed in CW proteomes (Supplementary Table S3I and WallProtDB,
www.polebio.lrsv.ups-tlse.fr/WallProtDB/); 265 genes encoding pro-
teins involved in generation of precursor metabolites and energy
(amigo.geneontology.org/amigo/term/GO:0006091); and 174 genes
encoding proteins shown to be involved in thermotolerance (Supple-
mentary Table S3I). As for the “CWP transcriptomes”, “CW-related
transcriptomes” were well-separated after PCA (Fig. 5D). On the con-
trary, a weaker separation according to ecotype or temperature
variables could be observed for both the “energy transcriptomes” and
the “thermotolerance transcriptomes” (Fig. 5E–F). In all cases, Sha ro-
settes seemed to be less impacted by the growth temperature. Indeed,
the range of variation observed between transcripts levels depending of
temperatures was smaller for Sha than for Col rosettes (Fig. 5B–E).
Besides, interactions between the ecotype and temperature vari-
ables were detected in the PCA done with “CWP transcriptomes”
(Fig. 5C). The ratio of genes showing an interaction between the eco-
type and the temperature was higher for the “CWP transcriptomes”
(0.018%) than for “whole transcriptomes” (0.004%) (Supplementary
Table S3A, B).
3.5. An integrative analysis to correlate transcriptomics and proteomics
data
A list of 43 CWPs showing the most signiﬁcant diﬀerential accu-
mulation levels between the four samples was established. The corre-
sponding levels of transcripts were also tested for signiﬁcant diﬀerences
(Supplementary Table S4). The correlation coeﬃcient between the
variations in protein and transcript levels was higher than +0.49 for 23
genes. On the contrary, a negative correlation coeﬃcient (lower than
−0.10) was observed for 6 genes. Only 14 genes showed signiﬁcant
quantitative diﬀerences (ANOVA test lower than 1E-04) for the tran-
scriptomics data, among which seven showed great diﬀerences at both
Fig. 2. Phenotyping of petioles of Col and Sha plants grown at 22 °C and
15 °C, a focus on vascular tissues and cuticle. Cross-sections of petioles of
Col (A, C) and Sha (B, D) plants grown at 22 °C (A, C) and 15 °C (B, D)
were stained with safranin red and alcian blue. Numbers of vessel ele-
ments per petiole were counted (E) and ratios between areas of vascular
tissues and of petiole were calculated (F). Measurements have been per-
formed at the bolting stage after 4 and 6 weeks of culture at 22 and 15 °C,
respectively. Representative plant petioles out of more than 30 petioles
analysed are shown for each ecotype grown at 22 °C or 15 °C (see also
Supplementary Fig. S2). In each case, all the petioles from 3 plants from 3
independent batches have been analyzed (mean ± SD). Mean values
were analysed with one-way ANOVA together with Duncan’s multiple
range test. Signiﬁcant diﬀerences (P < 0.1) are noted with diﬀerent
lowercase letters.
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the transcriptomics and the proteomics levels: At2g25510 encoding a
protein of unknown function, At3g14210 encoding a lipase acylhy-
drolase of the GDSL family, At4g21650 encoding the AtSBT3.13 Ser
protease, At1g31580 encoding ECS1 involved in resistance mechanisms,
At3g03350 encoding a legume lectin, At4g22517 encoding a LTP and
At1g58270 encoding a protein of unknown function with a MATH do-
main. Besides, a gene encoding a GH17 (At5g56590) was discriminated
for an ecotype eﬀect with transcriptomics data whereas it showed a
temperature eﬀect with proteomics data. A gene encoding an α-ex-
pansin (At1g26770) was discriminated for an ecotype eﬀect with the
transcriptomics data and an interaction eﬀect with the proteomics data.
Altogether, it was not possible to deﬁne a clear correlation between
proteomics and transcriptomics data regarding CWPs, suggesting
complex regulations of gene expression at post-transcriptomic levels.
Fig. 3. Cuticle permeability of Col and Sha rosettes grown at 22 °C and
15 °C. Percentage of fresh mass reduction of whole rosettes at 40 °C over
time (normalized on the initial fresh mass) (A). Chlorophyll leaching of
Col and Sha rosettes of plants grown at 22 °C or 15 °C (B). Measurements
have been performed at the bolting stage after 4 and 6 weeks of culture at
22 and 15 °C, respectively (mean ± SD; n = 5–8). Legends are the same
for both panels.
Table 1
Monosaccharide composition of rosettes of Col and Sha plants grown at 22 °C or 15 °C. Plants have been harvested at their respective bolting stage. Four cell wall extracts have been
obtained (E1–E4) and analyzed by HPAEC Dionex chromatography after acidic hydrolysis to determine their composition in monosaccharides. Means (± SD) of three biological
replicates (n = 20 plants per sample) are indicated in μg per 100 mg fresh mass. Values in bold correspond to GalA in E1-2 fractions and Xyl in E3-4 fractions which are speciﬁc for the
pectin- and hemicelluloses-enriched cell wall extracts. Fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc), xylose (Xyl) and galacturonic acid (GalA).
Monosaccharide Fuc Rha Ara Gal Glc Xyl GalA
E1 Col 22 °C 0.8 ± 0.1 1.4 ± 0.3 2.8 ± 0.2 6.6 ± 0.7 3.5 ± 1.2 2.1 ± 0.3 12.3 ± 0.8
Col 15 °C 1.3 ± 0.1 1.5 ± 0.3 3.6 ± 0.5 7.4 ± 0.8 15.0 ± 2.9 2.1 ± 0.3 16.6 ± 2.9
Sha 22 °C 0.7 ± 0.2 0.9 ± 0.3 1.9 ± 0.4 4.5 ± 0.7 3.7 ± 1.1 1.4 ± 0.1 9.9 ± 3.8
Sha 15 °C 1.0 ± 0.0 1.3 ± 0.2 2.8 ± 0.2 5.8 ± 0.3 11.7 ± 4.6 1.7 ± 0.2 16.0 ± 4.6
E2 Col 22 °C 0.7 ± 0.1 3.4 ± 0.6 3.8 ± 0.6 5.0 ± 1.0 1.3 ± 0.3 1.2 ± 0.3 66.2 ± 11.7
Col 15 °C 0.8 ± 0.2 3.3 ± 0.8 5.4 ± 1.0 4.1 ± 0.7 1.5 ± 0.4 1.4 ± 0.2 71.0 ± 5.7
Sha 22 °C 0.5 ± 0.1 2.1 ± 0.2 2.3 ± 0.4 3.2 ± 0.5 1.3 ± 0.6 0.8 ± 0.2 39.5 ± 8.1
Sha 15 °C 0.7 ± 0.2 3.2 ± 0.6 4.8 ± 0.7 3.8 ± 0.5 2.0 ± 1.0 1.1 ± 0.1 56.1 ± 10.8
E3 Col 22 °C 1.3 ± 0.1 0.6 ± 0.1 3.8 ± 0.7 13.2 ± 0.8 9.8 ± 0.4 10.8 ± 1.6 3.3 ± 0.2
Col 15 °C 1.7 ± 0.2 0.7 ± 0.1 4.7 ± 0.6 13.5 ± 1.2 20.6 ± 2.3 10.1 ± 1.2 3.2 ± 0.4
Sha 22 °C 1.1 ± 0.2 0.5 ± 0.1 2.7 ± 0.7 9.6 ± 2.4 9.3 ± 1.5 10.0 ± 1.9 2.6 ± 0.7
Sha 15 °C 1.3 ± 0.1 0.9 ± 0.1 3.1 ± 0.1 10.1 ± 1.1 15.7 ± 2.5 8.8 ± 1.1 2.4 ± 0.5
E4 Col 22 °C 8.0 ± 1.5 0.5 ± 0.1 5.3 ± 1.1 27.7 ± 4.6 64.4 ± 12.8 62.5 ± 11.2 2.2 ± 0.5
Col 15 °C 8.3 ± 1.3 0.5 ± 0.1 6.4 ± 1.0 29.2 ± 4.1 72.5 ± 9.8 59.2 ± 9.6 2.1 ± 0.3
Sha 22 °C 4.7 ± 1.0 0.3 ± 0.1 3.4 ± 1.0 16.7 ± 3.0 39.1 ± 9.2 37.9 ± 6.8 1.5 ± 0.6
Sha 15 °C 5.8 ± 0.4 0.5 ± 0.1 3.8 ± 0.2 19.5 ± 1.7 53.0 ± 5.6 41.4 ± 3.2 1.3 ± 0.2
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3.6. A focus on six gene sets possibly related to the observed phenotypes
The analysis of the transcriptomes has then been restricted on six
gene sets possibly related to the observed phenotypes described above
(Supplementary Table S3I): (i) genes encoding annotated CWPs and/or
CWPs already identiﬁed in CW proteomics studies including predicted
plasma membrane receptors (1829 genes) (see WallProtDB, www.
polebio.lrsv.ups-tlse.fr/WallProtDB/); (ii) genes involved in CW bio-
synthesis (259 genes); (iii) genes involved in lignin synthesis (176
genes); (iv) genes involved in anthocyanin synthesis (32 genes); (v)
genes involved in lipid synthesis (186 genes); and (vi) genes involved in
ROS homeostasis (293 genes) [44].
(i) 199 out of the 1859 genes encoding CWPs showed signiﬁcantly
diﬀerent levels of transcript accumulation (Supplementary Table
S3C). Among those, there were 39 genes encoding known or pre-
dicted receptor kinases. The ecotype eﬀect on transcriptional ac-
tivity was predominant with 135 genes more expressed in Sha than
in Col rosettes and 49 genes showing the opposite eﬀect. Regarding
the temperature eﬀect, only 29 genes were found to be diﬀeren-
tially expressed, with 18 at higher level at 15 °C than at 22 °C, and
11 at 22 °C than at 15 °C. However, the diﬀerences observed in
response to temperature were not as great as those observed be-
tween the two ecotypes, with factors of induction lower than 10.
The combined eﬀects of the two variables, i.e ecotype and tem-
perature, were observed for 9 genes. Only 5 of the genes showing
the highest factors of induction corresponded to proteins having
signiﬁcantly diﬀerent levels of accumulation (Table 4).
(ii) 22 out of the 259 genes involved in the biosynthesis of CW com-
ponents had diﬀerent level of expression in the four samples
(Supplementary Table S3D). Among them, three genes involved in
the nucleotide-sugar interconversion pathways had higher levels of
transcripts in Sha rosettes (At1g08200, AXS2; At5g59290, SUD2;
At5g39320, UGD1). This was also the case for two genes involved
in the post-translational modiﬁcations of hydroxyproline (Hyp)-
rich glycoproteins (HRGPs) like extensins or arabinogalactan
Table 2
Reconstruction of cell wall polysaccharide composition from monosaccharide analyses.
The formulas were adapted from [38]. The amount of monosaccharide expressed in μg
per 100 mg/g fresh material was used to make the calculation (see Table 1). Fucose (Fuc),
rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc), xylose (Xyl), ga-
lacturonic acid (GalA), molecular mass of GalA (MGalA), molecular mass of Rha (MRha).
Polysaccharide Formula
Rhamnogalacturonan I (RGI) [Rha × (1 + MGalA/MRha)] + Ara + Gal
Homogalacturonan (HG) GalA− [Rha × (1 +MGalA/MRha)]
Xyloglucan (XG) Fuc + Glc + Xyl
Fig. 4. Reconstruction of three main cell wall polysaccharides from monosaccharide
analysis. Monosaccharide composition of Col and Sha plants grown at 22 °C and at 15 °C
has been obtained (see Table 1). The formulas used to rebuild the polysaccharides are
given in Table 2. Mean values were analysed (mean ± SD) with one-way ANOVA to-
gether with Duncan’s multiple range test. Signiﬁcant diﬀerences (P < 0.1) are marked
with diﬀerent lowercase letters. XG: xyloglucans; RGI: rhamnogalacturonan I; HG:
homogalacturonan.
Fig. 5. Overall comparison of cell wall proteomes and transcriptomes of Col and Sha plants grown at 22 °C and 15 °C. Scaled PCA of the proteomics quantitative analysis (A), the whole
transcriptomics data (B), the “CWP transcriptomes” (C), the “CW-related-transcriptomes” (D), the “energy transcriptomes” (E) and the “thermotolerance transcriptomes” (F). Values for x
and y axes are those of PC1 and PC2, respectively.
H. Duruﬂé et al. Plant Science 263 (2017) 183–193
189
proteins (AGPs): At4g21060 (AtGALT2, galactosyl transferase on
Hyp residues of AGPs) [45], At1g75120 (AtRRA1, arabinosyl
transferase on Hyp residues of HRGPs) [46]. On the contrary,
At2g25300 (AtGALT3) was expressed at a higher level in Col ro-
settes [47]. A gene encoding a Pro-hydroxylase (At3g28480) was
induced during growth at 15 °C, as well as in response to anoxia
and hypoxia [48]. Besides, the transcript levels of several genes
involved in the biosynthesis of CW polysaccharides were higher in
Sha rosettes: At1g02720 (AtGATL5, involved in the synthesis of
RGI) [49], At5g13000 (AtCALS3, involved in the synthesis of cal-
lose in plasmodesmata) [50], At1g02730 (AtCSLD5, involved in
xylan and HG synthesis) [51], and At5g22740 (AtCSLA2, involved
in mannan synthesis) [52]. Finally, At2g03220 (MUR2, involved in
XG synthesis) was expressed at higher level at 15 °C consistently
with the observed higher level of XG in our experiments.
(iii) 14 out of the 176 genes involved in the lignin synthesis pathway
displayed diﬀerential expression in the four samples. The ecotype
eﬀect was predominant with the up-regulation of several genes in
Sha rosettes (Supplementary Table S3E): three genes involved in
the biosynthesis of monolignols (At5g38120, At4CL-like9;
At4g34050, AtCCoAOMT1; At2g33590, AtCCR-like3); four genes
encoding class III peroxidases (Prxs) (At2g22420; At3g21770;
At4g33420; At5g64110); two genes encoding dirigent proteins
(At3g13650, AtDIR7; At4g11190, AtDIR13); and one gene encoding
a laccase (At2g46570, AtLAC6). The proteins encoded by the latter
genes were described as possibly involved in the polymerization of
monolignols [53]. Only two genes encoding proteins involved in
monolignol synthesis were diﬀerentially regulated for the tem-
perature condition, but with opposite eﬀects. At 15 °C, the cinna-
moyl-CoA reductase like 5 gene (At5g58490, AtCCR-like 5) was up-
regulated, whereas the caﬀeic acid O-methyltransferase gene
(At5g54160, AtCOMT1) was down-regulated. Finally, At4g33420
(AtPrx47) was down-regulated at 22 °C. These changes in gene
expression could be associated with the observed higher content in
hydrophobic compounds observed in Sha petiolesat 15 °C.
(iv) The lignin and anthocyanin biosynthesis pathways share common
enzymes at their initial steps, such as AtCOMT1 (At5g54160)
which was down-regulated at 15 °C. This adjustment could allow
favoring the ﬂavonoid biosynthesis pathway compared to the
lignin pathway at low temperature. Consistently, a gene encoding
a ﬂavonol synthase (At5g08640, FLS1) catalysing the formation of
ﬂavonols from dihydroﬂavonols had a much higher level of tran-
script accumulation in Sha (Supplementary Table S3F).
(v) Several of the genes related to lipid metabolism were up-regulated
in Sha plants and especially those encoding GDSL lipases acylhy-
drolases (10/13) (Supplementary Table S3G). Only At3g14210
(ESM1) was strongly up-regulated in Col rosettes whereas
At1g33811 and At4g18970 were down-regulated at 15 °C. Four
genes encoding LTPs had higher levels of transcripts in Sha
(At5g64080, AtLTPg31; At3g08770, AtLTP6; At2g13820,
AtLTPg11; At4g22490, LTP type 6). Two genes encoding glycer-
ophosphodiester phosphodiesterases have opposite regulations:
At1g66970 (GDPDL1) and At5g55480 (GDPDL4) were more
Table 3
Synopsis of CWPs preferentially accumulated in one ecotype or at a given growth tem-
perature. The statistical analysis of quantitative proteomics data has been performed with
an ANOVA test (see Supplementary Table S2B). Functional annotation of CWPs is given
according to WallProtDB (www.polebio.lrsv.ups-tlse.fr/WallProtDB/). +means that the
CWP was more abundant in one ecotype or at one growth temperature.
AGI code Putative function Col Sha 22 °C 15 °C
At3g57240 GH17 (β-1,3-glucosidase) +
At2g28100 GH29 (α-L-fucosidase) +
At5g63800 GH35 (β-galactosidase) (AtBGAL6) +
At1g67750 PLL1 (pectate lyase) (AtPLL1) +
At4g21650 Ser protease (AtSBT3.13) +
At2g39850 Ser protease (AtSBT4.1) +
At4g11290 class III peroxidase (AtPrx39) +
At3g14210 GDSL lipase acylhydrolase (ESM1) +
At2g03980 GDSL lipase acylhydrolase +
At5g03350 legume lectin +
At1g78820 curculin-like lectin +
At2g27190 purple acid phosphatase (AtPAP12) +
At2g45470 fasciclin arabinogalactan protein
(AtFLA8)
+
At5g48375 GH1 (β-glucosidase) +
At3g45940 GH31 (α-glucosidase) +
At2g28470 GH35 (β-galactosidase) (AtBGAL8) +
At3g45970 expansin-like A (AtEXLA1) +
At4g02330 CE8 (pectin methylesterase) (AtPME41) +
At5g19100 Asp protease +
At5g10760 Asp protease +
At3g24480 leucine-rich repeat extensin (AtLRX4) +
At4g22517 lipid transfer protein (LTP) +
At4g22520 lipid transfer protein (LTP) +
At3g07130 purple acid phosphatase (AtPAP15) +
At5g60950 COBRA-like protein (AtCOBL5) +
At5g56590 GH17 (β-1,3-glucosidase) +
At3g55260 GH20 (N-acetyl-β-glucosaminidase) +
At3g16850 GH28 (polygalacturonase) +
At2g41850 GH28 (polygalacturonase) +
At5g43060 Cys protease +
At2g22990 Ser carboxypeptidase (AtSCPL8) +
At1g27950 lipid transfer protein (AtLTPg4) +




At1g20190 α-expansin (AtEXPA11) +
At3g59010 CE8 (pectin methylesterase) (AtPME35) +
At5g10770 Asp protease +
At5g45890 Cys protease +
At5g45650 Ser protease (AtSBT5.6) +
Table 4
Synopsis of genes having higher levels of transcripts in each ecotype. The statistical
analysis of transcriptomics data has been performed with an ANOVA test (see
Supplementary Table S3A). Functional annotation of genes is given according to
WallProtDB. + means that transcripts were at least 10 times more abundant in one
ecotype. When the AGI codes are in bold, it means that the proteins they encode were also
found to be more abundant in the same sample (see Table 3).
AGI code Putative function Col Sha
At4g21650 Ser protease (AtSBT3.13) +
At3g14210 GDSL lipase acylhydrolase +
At5g03350 legume lectin +
At3g47295 tyrosine-sulfated glycopeptide 2 (AtPSK2) +
At5g59670 leucine-rich receptor kinase (LRR I subfamily) +
At3g13065 leucine-rich receptor kinase (LRRV subfamily) +
At3g21630 LysM receptor-like kinase +
At1g14700 purple acid phosphatase (AtPAP3) +
At1g31580 ECS1 (role in resistance to Xanthomonas campestris
strain Xcc75
+
At2g25510 expressed protein +
At5g24460 expressed protein +
At1g58270 expressed protein (MATH domain) +
At3g09260 GH1 (β-glucosidase) +
At1g02800 GH9 (endoglucanase) (AtCEL2) +
At2g03090 α-expansin (AtEXPA15) +
At5g19100 Asp protease +
At5g25090 early nodulin (AtEN6) +
At2g36985 DEVIL16/ROTUNDIFOLIA4 (DVL/ROT) +
At3g60900 fasciclin-like arabinogalactan protein (FLA10) +
At1g28290 arabinogalactan protein/PRP (AtAGP31) +
At3g01700 arabinogalactan protein (AtAGP11) +
At4g22517 lipid transfer protein (LTP) +
At3g08770 lipid transfer protein (AtLTP1.6, AtLTP6) +
At4g30140 GDSL lipase acylhydrolase (AtCDEF1) +
At4g11190 dirigent protein (AtDIR13) +
At2g28790 thaumatin (PR5) +
At1g18250 thaumatin (PR5, ATLP1) +
At3g15950 expressed protein +
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expressed in Col and Sha rosettes, respectively. GDPDL1 was
shown to play a role in the rigidity of the cell wall [54]. The strong
induction of many of these genes in Sha rosettes could be related to
the observed greater thickness of the cuticle.
(vi) Among the 293 genes involved in ROS homeostasis, only 25 were
diﬀerentially expressed between the four samples, that is less than
10% (Supplementary Table S3H). Among them, four were up-
regulated at 15 °C (At1g65980, At4g11600, At5g0426, At5g40370)
and four were up-regulated at 22 °C (At5g15350, At4g25100,
At3g62930, At3g06730) independently of the ecotypes. In addition,
one gene was speciﬁcally induced in Sha rosettes at 22 °C
(At4g33420) and two in Col rosettes at 22 °C (At4g15690,
At4g15700). Together with the fact that the four samples could not
be distinguished using the thermotolerance gene box (see above),
these results suggested that the plants were not submitted to a
cold- or a heat-shock stress by growing at sub-optimal tempera-
tures.
4. Discussion
This work has allowed comparing in detail the phenotypes of ro-
settes of Col and Sha which are two ecotypes of A. thaliana initially
originating from contrasting environments. Beyond a macro-pheno-
typing, the aim of this study was to identify molecular players in the
acclimation of both ecotypes to sub-optimal growth temperature con-
ditions. Complex responses have been found and are summarized in
Fig. 6. Changes observed in Sha compared to Col rosettes as well at
15 °C in either ecotype have been highlighted. The results obtained
with transcriptomics and proteomics approaches have been combined,
considering that they are complementary even if some discrepancies
were observed for genes encoding CWPs. Such ﬁnding has already been
described and possible explanations have been discussed such as (i)
post-transcriptional levels of regulations at the level of translation or
protein turn-over and (ii) changes in protein accessibility due to CW
polymer rearrangements [55–58]. Altogether, we have observed mod-
iﬁcations of molecular mechanisms occurring both inside the plant cell
and in the CW. The transcription of genes involved in the biosynthesis
of CW components like polysaccharides (callose, hemicelluloses and
pectins), structural CWPs (HRGPs) and monolignols is aﬀected. We also
observed the accumulation of CWPs involved in the remodeling of CW
polysaccharide and protein networks as well as in polymerization of
monolignols into lignin. This was correlated to an increase in XG and
pectin content of CWs. Finally, consistantly with the increase in the
thickness of the cuticle layer and with the decrease of water-loss and
chlorophyll leakage, we have observed an increase in the transcription
level of genes possibly involved in lipid deposition or polymerization.
Remarkably, many genes encoding receptor kinases had modiﬁed
transcript levels, suggesting that Col and Sha plants perceived their
environment in diﬀerent ways depending on their growth conditions.
Besides, the level of accumulation of transcripts encoding genes in-
volved in the biosynthesis of ﬂavonoids was found to be increased in
correlation with the increased level of anthocyanin accumulation.
Global comparisons of the quantitative proteomics and tran-
scriptomics data allowed to clearly distinguish the four samples, and
especially to highlight the ecotype eﬀect. The importance of the var-
iations observed in the accumulation of transcripts encoding CW-re-
lated proteins was a clear outcome of this study. These comparisons
also showed that neither the Col plants were submitted to a cold stress
when grown at 15 °C, nor the Sha plants to a heat stress when grown at
22 °C. Indeed, the bolting point was the same for the two ecotypes for
each growth conditions and the levels of transcripts of a set of ther-
motolerance genes as well as those of genes involved in ROS home-
ostasis were not signiﬁcantly aﬀected. In this work, many genes/CWPs
could be identiﬁed as candidates playing roles in the acclimation of
plants to sub-optimal growth temperatures in laboratory conditions.
The discussion will thus be focused on some protein families mainly in
relation to cell wall polysaccharides, cuticle and lignin modiﬁcation.
Morphological traits of low temperature acclimation have been
Fig. 6. Overview of the changes observed in rosettes in response to sub-optimal temperature growth conditions: A focus on molecular events occurring at 15 °C and/or in the Sha ecotype.
Two compartments are highlighted: intracellular (yellow), extracellular (cell wall proper in blue, cuticle proper in dark yellow). The names of some proteins/genes having increased level
of accumulation or of transcripts are given between brackets. The texts and the corresponding symbols are in the same color. Circles represent metabolites, e.g. monolignols or
anthocyanins. Blue crosses correspond to polysaccharides. Brown triangles correspond to cuticular lipids. Black stars correspond to secreted proteins acting on cell wall components.
Green stars correspond to structural proteins which can be crossed linked in cell walls. Red egg timer-like shapes represent receptors. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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detected after growth at 15 °C, and they could be correlated to altitude
growth conditions [18,59]. The increase of leaf density, observed for
plants grown at 15 °C and more signiﬁcantly in Col is correlated with (i)
an increase of the amount of pectins and XG detected in their CWs, (ii)
an increased vessels number and (iii) a reinforced cuticle. Accordingly,
a great variety of genes encoding proteins involved in the biosynthesis
of CW components and CWPs, which could contribute to the CW in-
tegrity and plasticity, had higher levels of transcripts at 15 °C vs 22 °C,
but also in Sha vs Col rosettes. Quantitative proteomics has also re-
vealed the diﬀerential accumulation of CWPs known to be involved in
polysaccharide network remodeling such as GHs, PMEs, a pectate lyase
and expansins [11,13,60]. The levels of accumulation of several pro-
teases, such as Ser proteases, Asp proteases, Cys proteases and a Ser
carboxypeptidase were also aﬀected in either ecotype or at either
growth temperature. Such proteins could participate in protein ma-
turation, protein turnover or signaling [61]. Besides, the genes en-
coding PR5 or AGP31, known to interact with CW polysaccharides
[12,62], were transcribed at higher levels in Sha plants.
The reinforced cuticle layer and the decrease of chlorophyll
leaching and water-loss, observed in rosettes of plants grown at 15 °C,
are consistent with a modiﬁcation of cuticular permeability due to
changes in structure and chemical composition of the cuticle layer at
15 °C. Variations in the level of accumulation of several CWPs and/or
transcripts encoding proteins possibly involved in lipid metabolism
have been observed in Sha rosettes. Among them, there are 10 genes
encoding proteins of the GDSL lipase acylhydrolase family, four LTPs
(AtLTPg31, AtLTP6, AtLTPg11, LTP type 6) and a glyceropho-
sphodiester phosphodiesterase (GDPDL4). Regarding quantitative pro-
teomics data, two LTPs were found to be more abundant in Sha rosettes
(At4g22517, LTP type 6). On the contrary, despite the thickening of the
cuticle of Col leaves at 15 °C, none of the genes related to lipid meta-
bolism showed modiﬁed levels of transcripts at 15 °C compared to
22 °C. However, GDPDL1 had higher level of transcripts in Col rosettes,
and ESM1 (At3g14210) and At2g03980 encoding GDSL lipase acylhy-
drolases were more abundant in Col rosettes. Members of these three
CWP families have been shown to play roles in the cell wall organiza-
tion and/or biogenesis of the cuticle [54,63–67]. Interestingly, ECS1,
which belongs to the same co-expression network as ESM1 according to
the ATTED database (atted.jp) [68], had high levels of transcripts and
proteins in Col rosettes. ECS1 is not known to be involved in lipid
metabolism, but rather in resistance to Xanthomonas campestris
(Xcc750) [69]. It could thus play a role in cuticle synthesis or more
generally in CW remodelling in response to biotic and abiotic stresses.
Lignin and anthocyanin biosynthesis pathways which share
common starting shikimate pathway enzymes were modiﬁed at 15 °C
whatever the ecotype. Only two genes involved in lignin monomer
synthesis were diﬀerentially regulated for the temperature conditions
(CCR-like 5 and COMT1), but with opposite proﬁles. The observed
variations in transcript accumulation for these two genes at 15 °C may
favor the biosynthesis of H monolignol units [53,70]. Genes possibly
involved in monolignol polymerization such as Prxs [71] and DIRs [72]
were up-regulated in Sha rosettes. This result could be correlated with
the higher number of vessel elements detected in the petioles of Sha
leaves. Regarding the anthocyanin biosynthesis pathway, FLS1 had a
much higher level of transcripts in Sha than in Col rosettes. The ﬂs1-3
mutant was shown to accumulate higher anthocyanin levels than wild-
type plants [73]. Then, the lower level of expression of FLS1 in Col
plants could explain the observed higher level of anthocyanin accu-
mulation. In a recent study, an increase in anthocyanin accumulation
could be correlated in a series of A. thaliana accessions grown at 4 °C
during 14 days and was assumed to play a role in cold acclimation and
freezing tolerance [74].
Altogether, the macro- and micro-phenotyping combined with
omics analyses, have shown more diﬀerences between ecotypes than
between temperature growth conditions, revealing genetic diﬀerences
between Col and Sha plants. These observations could be related to the
original natural environments of both ecotypes. As expected, major
changes have been observed regarding the biosynthesis or the re-
modelling of CW components. In addition to the identiﬁcation of sev-
eral candidate genes/proteins of interest, we have also demonstrated
that the integrative analysis was complementary to univariate statistical
tests. It has allowed validating the candidates provided by simple
analyses, but also identifying other candidates. Omics and integrative
analyses are extremely powerful to propose new hypotheses, especially
with regard to the regulation of whole metabolic pathways such as
those leading to CW biosynthesis. Although this study conducted in
laboratory conditions does not allow us to conclude on the ability of
both ecotypes to adapt to their natural environments, it nevertheless
demonstrates that CW remodeling is an important factor inﬂuencing
growth at sub-optimal growth temperature. It also identiﬁed candidates
genes of interest for future functional analyses. Studies on a larger set of
newly characterized altitudinal ecotypes are underway to evaluate the
contribution of the genetic background to the acclimation to diﬀerent
temperature growth conditions.
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L’analyse de macro- et micro-phénotypage confrontée à des données omiques, a permis 
d'identifier plusieurs gènes / protéines candidats susceptibles d'être impliqués dans les 
modifications de la paroi cellulaire observées lors de la réponse d'acclimatation face à des 
conditions de température sub-optimale. L’approche simple d’analyses de statistique a permis 
de valider des candidats tandis que l’approche intégrative omiques a été utile pour proposer de 
nouvelles hypothèses concernant la régulation de voies métaboliques entières. L’analyse 
statistique intégrative n’a ici été que partiellement développée du fait notamment du petit 
nombre de variables étudiées. Les quatre variables (2 écotypes x 2 températures) se discriminant 
très bien dans chacune des analyses effectuées (ACP), les statistiques intégratives ne 
fournissaient alors que des informations redondantes (Fig. 18). 
 
Figure 18 : Représentation graphique d’une PLS entre les données de protéomiques pariétales 
et la transcriptomiques pariétales des deux écotypes Col et Sha cultivées à deux températures 
de culture (15 et 22°C). 
 
Les réponses plus marqués de l’écotype Col face à des températures sub-optimals 
confirme que les écotypes offrent différentes plasticité phénotypique mis notamment en 
évidence dans la partie III. Ainsi, la plasticité de l’écotype Col pourrait être liée à sa capacité 
d’adaptation à des conditions de croissance extrêmes dans son milieu d’origine.  
Afin d’évaluer la contribution du fond génétique à l'acclimatation à différentes 
conditions de température de croissance d’A. thaliana, le projet WallOmics a porté sur l’étude 
d’un grand nombre d'écotypes régionaux et provenant d’un gradient altitudinales via une 







IV.2 WallOmics: an integrative study of cell wall adaptation to sub-optimal 
growth conditions of natural population of Arabidopsis 
L’objectif principal du projet WallOmics était d'évaluer les réponses des plantes face au 
réchauffement climatique en se focalisant sur la plasticité pariétale de variants naturels d’A. 
thaliana par une approche intégrative innovante. Pour sa réalisation, plusieurs études ont été 
préalablement réalisées : 
1. La production de données omiques hétérogènes effectuée sur deux organes (détaillée 
partie II): les rosettes et les hampes florales.  
2. L’approche multi-blocks (détaillée en partie II. 7) pour permettre de trier l’information 
de chaque bloc ainsi que d’identifier les gènes / protéines candidats liés à des traits 
d'intérêt.  
3. L’étude sur les populations (détaillée en partie III) a permis de mieux appréhender la 
variabilité naturelle d’A. thaliana dans la chaine pyrénéenne.  
4. L’étude préliminaire détaillée dans la partie IV. 3 nous a permis une première analyse 
sur des écotypes de référence (Col et Sha) provenant d’altitudes très contrastés.  
 
Ainsi, quatre écotypes (Roch, Grip, Hern et Hosp) ont répondu à plusieurs critères 
nécessaire pour le bon déroulement du projet WallOmics ; leurs homogénéités génétiques intra 
population, leurs différences génétiques inter populations ainsi que leurs altitudes contrastées 
d’origine. L’étude portant sur l'acclimatation à différentes conditions de température de 
croissance utilisera ces quatre écotypes pyrénéens accompagnés de l’écotype de référence Col.  
Ce projet est détaillé dans la partie ci-après et fera l’objet d’une publication qui sera 
soumise back to back avec un article de méthodologie décrivant les techniques de biologie 
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Local adaptation marks the interactions of natural populations with its specific 
environmental conditions. In the global warming climate context, temperature increase will be 
a major concern, but the fluctuations will be also a serious environmental changes (Meehl et al. 
2007). Freezing stress events, without any preceding chilling period, associated to contrasted 
elevation of temperature between regions, would be critical indeed for plant development. Thus, 
one of the challenge in the near future is to maintain agricultural productivity by doing a 
selection of warm-adapted and cold resistant species. Providing study of natural variations of 
wild species can be helpful to elucidate molecular bases of the phenotypic differentiation 
(Alonso-Blanco et al. 2005). This kind of study needs to consider the species adaptation with 
their natural environments (Mitchell-Olds & Schmitt 2006). 
Natural abiotic gradients, such as mountains, provide an ideal setting to study how 
species adapt to contrasting environmental factors (Reich et al. 2003). For example, plants 
endure important environmental variations like the diminution of temperature and humidity, 
combined to the rise of UV radiations with the elevation of the altitude in temperate climates 
(Körner 2007). In heterogeneous habitats, plants are adapted to specific prevailing conditions 
(Brousseau et al. 2016; Byars et al. 2007; Gonzalo‐Turpin & Hazard 2009), and / or respond to 
contrasted environmental conditions thank to their phenotypic plasticity (Auge et al. 2017; 
Sultan). Many studies have shown that plants change their phenotype along an environmental 
gradients such as biomass, height, reproductive rate, flowering phenology or the number of 
leaves (Fischer et al. 2011; Hamann et al. 2017; Völler et al. 2017) but the molecular 
mechanisms associate are still poorly described (Delker & Quint 2011; Trontin et al. 2011). 
The well-known model plant Arabidopsis thaliana (L.) Heyhn. (Brassicaceae) is a self-
fertilizing and annual species with a worldwide distribution. Several researches about the 
natural genetic and phenotypic variation of A. thaliana along altitudinal gradients have been 
published (Botto 2015; Günther et al. 2016; Luo et al. 2015; Montesinos et al. 2009; Pico 2012; 
Suter et al. 2014; Tyagi et al. 2015; Tyagi et al. 2016). Its capacities to adapt to multiple 
environmental conditions make it a very appropriate model for phenotypic plasticity studies 
(Duruflé et al. 2017b).  
Cell walls (CWs) represent a dynamic external physical barrier that contributes to 
modify the cell and the plant shape at any moment (Braidwood et al. 2014).CWs vary their 
composition and structure upon developmental and environmental conditions (Le Gall et al. 
156 
 
2015). Through CW proteins (CWPs), that drive the modification of the CWs architecture 
(Franková & Fry 2013), is essential in the control of growth and structural integrity (Cosgrove 
2016). 
In order to evaluate the contribution of the genetic background to the acclimation of the 
CW plasticity to different temperature growth conditions, four wild ecotypes of the model 
species of A. thaliana from contrasted natural environments have been analysed. In order to 
simulate the temperature effect in laboratory conditions, two different growth conditions have 
been studied: 22°C and 15°C. To highlights the complex’s mechanisms of the acclimation to 
sub-optimal temperature, a biological system approach combining phenomics, metabolomics, 
proteomics, and transcriptomics analyses was used. This project was focused on the two major 
organs of the plants: the rosette and the floral stems. The statistical integrative study analysis 
of the data has allowed to identifying new genes / proteins candidates possibly involved in the 
temperature acclimation response of A. thaliana. Studying the natural diversity of A. thaliana 
by an integrative study using heterogeneous omics data sets can provide extremely powerful 
tool to understand the phenotypic plasticity in response to climate change.  
 
MATERIALS AND METHODS 
Plant material 
Five ecotypes of the annual plant A. thaliana were used; Grip, Hosp, Hern, Roch living 
between 700m to 1400m in the Pyrenees Mountain (Duruflé, in review) and Columbia (Col) as 
reference from Poland living at 200m altitude. Seeds were planted in a Jiffy-7® peat pellet. 
After 48h of stratification at 4°C in darkness, all plant were grown at two different conditions, 
22 and 15°C at light intensity 90µmol photons m-2 s-1. Plants were grown in a long-day 
conditions (16 h photoperiod) with 70% humidity. Four- or six-week-old rosettes were collected 
at the bolting developmental stage after growth respectively at 22°C or 15°C. Flowers stems 
were collected at 6, 7 and 8 week respectively for Col, Roch and Grip and, Hosp and Hern at 
22°C to be at the same stage. They have been collected two weeks later at 15°C. 
Macrophenotyping 
Rosettes grown at 22°C and 15°C were analysed at the time of sampling. Diameter and 
fresh weight were measured and the number of leaves were also counted. Before frozen, 
pictures were taken to measure the rosette areas with the ImageJ software (Schneider et al. 
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2012). Concerning the floral stems, before freezing, the length, the number of cauline leaves, 
the length and the diameter at the base of the floral stem were also measured.  
Climatic data 
Climatic variables were obtained from (Duruflé, in review). 
Histological staining of cell walls 
Whole rosettes and base of floral stems were harvested and rapidly infiltrated with 50 
ml Falcon tubes with FAA (10% formalin (37% formaldehyde solution, Sigma-Aldrich, Saint-
Quentin Fallavier, France); 50% ethyl alcohol; 5% acetic acid; 35% distilled water) under 
vacuum and were fixed for 16 h at 4 °C. The dehydration and paraplast infiltration protocol was 
described in (Francoz et al. 2016). The whole rosettes were processed was described in (Duruflé 
et al. 2017b) to keep intact the phylotaxy. Twenty μm-thick serial sections of rosettes or floral 
stems were disposed on silane-coated microscope slides. To ensure comparison of the labelling 
intensities among sections, a 20-slides plastic slide holder and 200 mL staining jars were used 
(Francoz et al. 2016). Intracellular material was removed by incubation in 2.6% bleach for 20 
min (Ruzin 1999) followed by conscientious washes with distilled water. Sections were then 
incubated for 1 min in 0.5% safranine red (CI 50240; Kuhlmann, Paris, France) solution, 
washed with distilled water and then incubated for 30 sec in 0.05% alcian blue (CI 74240, 
Sigma-Aldrich) solution, adapted from (Srebotnik & Messner 1994; Vazquez-Cooz & Meyer 
2002). Following extensive washing, slides were dried, mounted in Eukitt® (quick-hardening 
mounting medium, Sigma-Aldrich) and scanned using a NanoZoomer HT scanner 
(Hamamatsu, Hamamatsu City, Japan). The auto-fluorescence of aromatic compounds was 
observed using a DAPI filter set (excitation: 387 ± 11 nm; dichroic mirror 405 nm; emission: 
440 ± 40 nm) using a NanoZoomer RS scanner (Hamamatsu, Hamamatsu City, Japan). 
Extraction of proteins from purified cell walls 
Cell wall purification was performed using 20 plants for each experiment as described 
(Feiz et al. 2006). The sequential extraction of proteins from purified cell walls was performed 
as described (Irshad et al. 2008). Typically, 0.2 g of lyophilized cell walls was used for one 
extraction and about 500 µg proteins were extracted. The final protein extract was lyophilized. 




Sequential CW polysaccharides extraction and identification 
The protocols of the sequential extraction of cell wall polysaccharides in four steps was 
details in (Duruflé et al. 2017b). In summary, one hundred mg of a deproteinized cell wall 
fraction were used. Four successive extractions were carried out to obtain extracts enriched in 
pectins (E1 and E2) and hemicelluloses (E3 and E4). Each extract was hydrolysed in 2 N TFA 
for 1 h at 120°C. After 10X dilution in UHQ water, monosaccharides were analysed by High-
Performance Anion-Exchange Chromatography coupled to Pulsed Amperometric Detection 
(HPAEC-PAD; Dionex, Sunnyvale, California, USA) using a CarboPac PA1 column (Dionex). 
The steps of runs were details in (Duruflé et al. 2017b). 
Standard monosaccharides were used for identification and quantification: L-Fuc, L-
Rha, L-Ara, D-Gal and GalA (Sigma-Aldrich); D-Glc (Merck, Darmstadt, Germany); D-Xyl 
(Roche, Mannheim, Germany). 
Identiﬁcation of proteins by LC-MS/MS 
Shotgun protein analysis was performed directly after their extraction from purified cell 
walls as described (Duruflé et al. 2017a). The LC-MS/MS analyses were performed at the 
PAPPSO proteomics platform (pappso.inra.fr/) essentially as described in (Duruflé et al. 
2017a). Parameters for MS data processing in the X!Tandem software 
(www.thegpm.org/tandem/) and the X!Tandem Pipeline 3.3.4 (Langella et al. 2017) was 
available in (Hervé et al. 2016). Trypsin digestion was declared with no possible miscleavage. 
Only proteins identified with at least two different specific peptides in the same sample and 
found in at least two biological repeats were validated. Furthermore, quantification was 
performed on peptides with standard deviation retention times lower than 20 s and peak width 
lower or equal to 100 s. 
Bioinformatic annotation of proteins and quantification 
The prediction of sub-cellular localization and functional domains of CWPs was 
performed with the ProtAnnDB tool (San Clemente et al. 2009). Protein was considered as a 
CWP if two bioinformatics programs predicted it as secreted, no intracellular retention signal 
was found and no more than one trans-membrane domain was found as described in (Albenne 
et al. 2013). Quantification was only operate for CWPs identified using the MassChroQ 
software (Valot et al. 2011). Proteomics data and procedure details are detailed in (Duruflé et 
al. 2017a). Functional annotation of CWPs is given according to WallProtDB 
(www.polebio.lrsv.ups-tlse.fr/WallProtDB/). LC-MS/MS data have been deposited at 
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PROTICdb (proteus.moulon.inra.fr/w2dpage/proticdb/angular/) and CWP MS data at 
WallProtDB (www.polebio.lrsv.ups-tlse.fr/WallProtDB/). 
RNA Sequencing 
Protocols of the transcriptomics analysis was details in (Duruflé et al. 2017b). Briefly, 
frozen samples were ground in liquid nitrogen and total RNAs were extracted using the RNeasy 
Plant Mini Kit (Qiagen, Courtaboeuf, France). RNA quantification was performed using the 
spectrophotometer ND-1000 (NanoDrop, Wilmington, Delaware, USA) and RNA quality was 
assessed on the Agilent 2100 Bioanalyzer (Agilent Technologies, Courtaboeuf, France). RNA 
seq experiments were performed on an Illumina HiSeq 3000 at the GeT-PlaGe platform 
(get.genotoul.fr, Toulouse, France) according to the standard Illumina protocols. Short pair-end 
sequencing reads generated were analysed using the commercial CLC Genomic Workbench 6.0 
software (CLC bio, Aarhus, Denmark). RNA seq data and procedure details are available in 
Supplementary Table S2. 
Statistical analysis and data integration 
Data analysis and methodology were achieved as previously described (Duruflé, in 
preparation). Multi block analysis were provided with the sparse version (MB-PLS-DA) 
including all the phenomic and metabolomic variables associated to a restrictive pool of 40 CW 
proteins and 40 genes encoding CWPs identified in the proteomics studies. To improve the 
visualisation, the clustered images map were done with only the 20 best proteins and genes and 
all the variables of the phenomic and metabolomic blocks.  
Accession numbers 
Resulting sequences are available at NCBI short read archive (SRA, BioProject 
PRJNA344545). LC-MS/MS MS data have been deposited at PROTICdb 
(http://proteus.moulon.inra.fr/w2dpage/proticdb/angular/) and CWP mass spectrometry data 






RESULTS and DISCUSSION 
To work in evolutionary biology context, this study allowed to compare in detail natural 
collections of wild populations originated from altitudinal gradients to make further progress in 
the comprehension of the cell wall plasticity in response to the environment. This subject is 
considered with an integrative approach using heteronomous omics dataset to evaluate sub-
optimal growth condition on A. thaliana. Each omics dataset (Phenomics, Metabolomics, 
Proteomics and Transcriptomics) are called blocks thereafter.  
Four individuals of A. thaliana from the Pyrenees Mountains was chosen (Roch, Grip, 
Hern and Hosp) as natural populations originated from various altitudes (Tab. 1). These four 
populations have been selected within 30 new populations previously identified (Duruflé, in 
review), in order to verify if a relation existed between genetic, altitude and the cell wall 
plasticity, Roch and Grip belong to the same genetic cluster and Hern and Hosp to a second one 
(Duruflé, in review). In addition, within each genetics attribution, one population is originated 
from middle altitude (Roch and Hern) and another from high altitude (Grip and Hosp). The 
environmental characteristics of the four populations can be illustrate with the value of principal 
component analyse (Climate PC) useful to summarize all the combine environmental 
parameters (Wolfe & Tonsor 2014). 
 
Table 1: Environmental parameters of A. thaliana populations. Climate PC1, localisation 










Col 200 A 3 
Roch 696 B 0.7 
Grip 1190 B -1.4 
Hern 780 C 0.7 
Hosp 1424 C -1.6 
 
To observe and study the CW plasticity, plants were grown at two contrasted 
temperature conditions: 22°C, the optimal growth condition for A. thaliana (Boyes et al. 2001), 
and 15°C a sub-optimal temperature (Duruflé et al. 2017b). This low temperature was used to 
simulate the higher altitude temperatures. Each biological repetition represent a pool of twenty 
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individual that allows i) to verify the repeatability of the phenotype traits into each biological 
repetitions and ii) to have sustainable biological material for all the analyses. Biological 
interpretation defined as follows was provided using the statistical analysis detailed in the 
article (Duruflé, in preparation). Because this project aims to make an integrate multi-blocks 
analyse, each block was presented but not described in detail. Examples were provided to 
understand the complexity and the global results that could be simplify the final interpretation 
of this integrative study. 
 
Phenomics: Morphological phenotypes of the ecotypes depend of temperature growth 
conditions and of the organs studied 
Macro and Micro phenotypes, make in rosettes (Fig. 1A) and floral stems of plants 
grown at 22°C and 15°C, have been analysed. Rosettes were collected at 4 and 6 weeks 
corresponding to the bolting time (stage 5.10 (Boyes et al. 2001)) for Col grown at 22°C and 
15°C, respectively. As expected, the impact of low temperature in rosettes is striking, such as 
the increase of leaf number for all the ecotypes grown at 15°C (Fig. 1B). Interestingly, the 
values of leaf number are contrasted between ecotypes, like Col grown at 15°C which has the 
same number of leaves that Roch at 22°C and Hern at 15°C. The leaf number, combined with 
the weight, the diameter, the density and the projected area of the rosettes were integrated to 
the following statistical study (Fig. S1). No ecotypes expose a strong phenotype or a clear 
specificity on this organ. The tendency or tricky change of each ecotype in response to the 
temperature may be reveal by the integrative study. The reproducibility of the data, illustrate 
by the close points, will help to the integration study giving more weight of the observations. 
On contrary to the rosette, the floral stems was collected at different times to be at the 
same developmental stage (first flower, stage 6 (Boyes et al. 2001)), due to differential stems 
growth speed. All the ecotypes manifest a global temperature affect such as the variation of 
cauline leaves number (Fig 1C). Otherwise, excepted Hern, the four other ecotypes studied, 
shown a diminution of cauline leaves at low temperature. Hern has a tendency to show an 
opposite behaviour as compared to the others regarding floral stem phenotypic. Likewise rosette 
phenotypic traits, the information about the weight, the diameter and the length of the floral 
stems at the harvest time were integrated to the statistical study (Fig. S2). But in summary, 
floral stems appeared greater and heavier at low temperature that is expected in view of the 




Figure 1. Macro-phenotyping of rosettes the ecotypes grown at 22°C and 15°C. Rosettes 
observed at 22°C and 15°C in growth chamber conditions (A). Number of leaves per rosettes 
(C), number of cauline leaves count in the floral stems. Twenty plants from 3 independent 
batches have been analysed and each dot stand for the mean of one batch. 
 
Macro-phenotype highlight the ubiquity effect of the temperature. As expected, 
development of these two organs of all the ecotypes were impacted by the contrasted growth 
condition and confirmed the previews analyse make on rosette (Duruflé, in review) and brought 
new information for the floral stem. In spite of the use of biological materials, our phenotypic 
analysis were highly reproducible, which will allow to link them with the other data in the 
integrative analysis to understand the underlying molecular mechanisms. 
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To complete this macro analyse, a microscopic analysis of the leaf and floral stems 
structures was performed on petiole and base of the stems cross-sections of plants cultivated at 
22 and 15°C (Fig. 2) 
 
Figure 2. Phenotyping of petioles of plants grown at 22°C (A-E) and 15°C (F-J). Cross-
sections were stained with safranin red and alcian blue. Representative plant petioles of more 
than 30 petioles from independent batches are shown for each ecotype grown at 22°C or 15°C. 
Each scale bar represent 500µm. 
 
Staining sections with safranin red and alcian blue previously bleached allowed to 
distinguish cell walls enriched in hydrophilic polysaccharides (colored in blue) from those 
containing more hydrophobic compounds (colored in red). Larger petioles and higher overall 
safranin red staining were observed on cross-sections from plants grown at 15°C as compared 
to plants grown at 22°C.  
Specificities of the CW composition can be observed for Grip and Hern at 22°C. These 
two ecotypes presented higher staining of hydrophobic compounds corresponding to cuticle. 
Moreover, at 15°C higher red staining was observed for the whole petiole cross section. Col 
has less hydrophobic compounds in there CW that the other ecotypes. A former study, between 
Col and another reference ecotype Sha (growing at 3400 m in a high valley of Tajikistan), 
demonstrate a higher cuticle at 15 °C in Sha. This result confirm the interesting response of the 
natural ecotype to the low temperature compare to the well-known ecotype col.  
Unfortunately, these qualitative results could not be used for the integrative analyse but 
will be important for the future interpretation. Indeed, it is important to investigate with 
different approaches of analyse to better understanding the CW plasticity of these ecotypes. In 
order to support the modification of the CW in response to temperature growth variations, the 
CW composition was also analysed. 
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Metabolomics: The cell wall composition of the ecotypes vary differentially depending of 
temperature growth condition 
To determine if the morphological modifications in response to the sub-temperature 
could be due to CW composition modification, polysaccharides were sequentially extracted 
from the rosettes and the floral stems. After an acidic hydrolysis, their monosaccharide content 
was analysed, except for the cellulose fraction, which could not be hydrolysed in our assay 
conditions. Theoretical CW polysaccharide composition has been rebuild based on the 
monosaccharide analyses and following formula adapted from a previous study (Duruflé et al. 
2017b; Houben et al. 2011) (Table 2). 
 
Table 2. Calculation of the polysaccharides reconstruction and the ratio based on sugar 
composition data ratio adapted to Houben, 2011. Fucose (Fuc), Rhamnose (Rha), Arabinose 
(Ara), Galactose (Gal), Glucose (Glc), Xylose (Xyl) and Galacturonic Acid (GalA); MGalA 
(Molecular Weight of the Galacturonic Acid), "MRha" (Molecular Weight of the Rhamnose). 
 
Property Sugar 
Pectin RGI (Rha x (1 +
MGalA
MRha
 )) + Ara + Gal 




Xyloglucans Fuc + Glc + Xyl 
Linearity of pectin (GalA - Rha) / ((Rha x (1 +
MGalA
MRha
)) + Ara + Gal) 
Contribution of RG to pectin population (Rha x (1 +
MGalA
MRha
)) / (GalA - Rha) 





The rosettes and floral stems contained largely lower ratio of linear pectin at 15°C (Fig 
3). It also showed that rosettes have a ratio higher than floral stems. Furthermore, the ration in 
rosette of Hosp was largely effected by the temperature compared to the other ecotypes. On the 
contrary, Hern show low difference of composition in linearity of pectin between the two 
temperature growths conditions for the floral stems. This observing can be enlarged to the other 
reconstruction (Fig. S3).  
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Like the other qualitative phenomics data, the 6 metabolomics data obtained from 
polysaccharides reconstruction were integrated into the statistical study.  
 
 
Figure 3: Example of reconstruction of the main cell wall polysaccharides from 
monosaccharide analysis. Ratio of the linearity of pectin in rosettes (A) and floral stems (B) 
from plants grown at 22 °C and at 15 °C. The ratio were obtained from the formula used to 
rebuild the polysaccharides given in Table 2. Mean values were analysed from tree independent 
batch. XG: xyloglucans; RGI: rhamnogalacturonan I; HG: homogalacturonan. 
 
To summarize, plants grown at low temperature rosettes shown more XG and a higher 
ratio of branching RGI that has 22°C. In contrario, the floral stems show more XG at 22°C. 




Proteomics: Ecotype modified differently there cell wall proteomes at sub-optimal 
temperature and between organs  
CWPs mainly contribute to the cell wall dynamic thank to their interaction with the 
polysaccharides. Analyse and integration of the CWP quantification are necessary to understand 
the cell wall modification. 
In this study, the LC-MS/MS analysis of the proteins extracted from purified CWs has 
allowed to identify 364 and 414 CWPs in the rosettes and the floral stems, respectively 
(Supplementary Table S1). These CWPs were detected and validated in at least two out of three 
biological replicates. At the end, 18 and 29 new CWPs have been identified in reference to 
previous Col rosette proteomes (Hervé et al. 2016) and Col floral stems (Duruflé et al. 2017a). 
 
Figure 4. Overall comparison of cell wall proteomes of the plants grown at 22°C (bright 
colour) and 15°C (pale colour). Scaled PCA of the proteomics quantitative analysis of the 
rosettes (A) and the floral stems (B). Values for x and y axes are those of PC1 and PC2, 
respectively. 
 
The scaled PCA of the quantified CWPs in the rosettes and the floral stems show the 
good quality and repeatability of the analyses and a clear segregation of the samples (Fig. 4). 
The analysis of these two organs demonstrate a specific response of each ecotype at the 
proteome level depending of growth temperature condition. 
In the rosette analyse, the first component (PC1) separate the samples according to the 




Interestingly, in the floral stems this multivariate analysis discriminated all the samples 
according to the genetic (A (Roch/Grip) vs B (Hern/Hosp)). In this organ, the temperature affect 
more the genetic group A than the others (B and C). Indeed, ecotypes of the group B were more 
discriminated by the temperature condition than the other ecotypes. By the way, all the sample 
of the plants grown at 22°C and at 15°C were located at right and left, respectively. Surprisingly, 
only Hern show off a reverse location versus the PC2. 
This quantitative analysis of proteomics data could be allowed the identification of 
CWPs specifically accumulated in on ecotype/growth temperature. But, the proteomics data 
available in the Supplementary Table S1will not be discussed in details. On the other hand, the 
integrative analysis and the transcriptomics (last block), could help to sort all the information 
and highlighted the variables that will better explain the cell wall plasticity. 
 
Transcriptomics: Regulation of gene expression are modified by both growth conditions 
and ecotypes 
To complete this study, RNA seq analyses have been performed and allowed to obtain 
expression data from 19,763 and 22,570 genes in rosettes and floral stems respectively 
(Supplementary Table S2A and S3A). The multivariate analysis of the “whole transcriptomes” 
of the rosettes (Fig. 5A) and the floral stems (Fig. 5B) expound the good quality and 





Figure 5. Overall comparison of the ecotypes transcriptomes grown at 22°C (bright colour) 
and 15°C (pale colour). Scaled PCA of the whole transcriptomics data of the rosettes (A) and 
the floral stems (B) and, the “CWP transcriptomes” of the rosettes (C) and the floral stems (D). 
Values for x and y axes are those of PC1 and PC2, respectively. 
 
In order to integrate both proteomic and transcriptomic data, the transcripts encoding 
the CWPs identified by the previous proteomics analyse have been extracted (Supplementary 
Table S2B and S3B). PCAs restricted to the transcripts showed approximatively the same 
separation than the whole transcriptomes for these two organs (Fig. 5C-D). This ascertainment 
known in previews study (Duruflé et al. 2017b) allows to extrapolate the comportment of the 




The PCA of the whole transcriptomics of the rosettes discriminate clearly the ecotype 
Hosp grown at 15°C. Despite the specific profile of this ecotype, the CWP transcriptomes brings 
out the temperature effect for the rest of the samples in the PC1.  
In the floral stems, this multivariate analyse highlight the specific behaviour of Hern 
and Col. CWP transcriptomes remains substantially the same profil. Hern kept the same 
interesting profil than for the proteomics.  
To summarise, the impact of the temperature on gene expression was observed in these 
two organs for all ecotypes. This strong effect still allows to discriminate the ecotype that have 
specific comportment. This different comportment and the gene / protein candidates associated 
could be higlighted by an integrative analyse.  
 
Integrative analysis: A powerful tool to understand complex mechanism 
Integrative analysis of multi-blocks allows to link each blocks to another. This type of 
statistical analysis, detailed in the article (Duruflé, in preparation) is a powerful tool to help to 
understand complex mechanisms. To describe the temperature effect on natural ecotype by an 
integrative study, two analyses were detailed thereafter. Firstly, the different responses of the 
rosettes and the floral stems to the temperature and, in a second part, the ecotype responses 
specificity were developed. In order to find the most interesting gene / protein candidates, all 
the multi block analyses were provided with the sparse version including all the phenotypes and 
metabolomes data but associated to a restrictive pool of CW proteins and the expression level 
of  genes encoding CWPs identified in the proteomics studies. 
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Rosette and the floral stems respond differently to the temperature growth conditions 
 
Figure 6: Graphical representation of sparse MB-PLS-DA analyses that discriminate the 
samples of the rosette by the temperature A) plotDIABLO show the correlation between each 
block, B) Individual plots projects the samples for the four blocks. For A and B, each dot 
corresponds to all the samples of one block. C) Clustered image map representing the multi-
omics profiles for each sample discriminated by the temperature: the levels of discriminating 











Table 3. Synopsis of CWPs or transcripts differentially present at a given growth temperature 
in rosettes. The statistical analysis of the data have been performed with a sparse MB-PLS-DA 
with the 5 ecotypes. + corresponds to CWPs or genes having specific profiles (increase or a 
decrease compared to other samples) at one growth temperature. M: Miscellaneous; OR: 
Oxido-reductases; P: Proteases; PAC: Proteins acting on cell wall polysaccharides; LM: 
Proteins related to lipid metabolism; ID: Proteins with interaction domains (with proteins or 
polysaccharides); S: Signaling; SP: Structural proteins; UF: Unknown function. 
 
AGI code Functional classes Putative function Proteins transcrits 22°C 15°C 
AT2G45180 LM homologous to non-specific lipid transfer protein +  +  
AT1G54010 LM lipase acylhydrolase (GDSL family) +  +  
AT5G15350 OR early nodulin AtEN22 homologous to blue copper binding protein +  +  
AT4G37800 PAC GH16 (endoxyloglucan transferase) (At-XTH7) +  +  
AT3G18050 UF expressed protein +  +  
AT3G10740 PAC GH51 (alpha-arabinofuranosidase) +  +  
AT2G45470 S fasciclin-like arabinogalactan protein (FLA8) +  +  
AT5G59320 LM non-specific lipid transfer protein (AtLTP1.2, AtLTP3) +   + 
AT5G59310 LM non-specific lipid transfer protein (AtLTP1.11, AtLTP4) +   + 
AT1G16850 UF expressed protein +   + 
AT2G23000 P Ser carboxypeptidase (AtSCPL10) +   + 
AT1G29050 PAC homologous to A. thaliana PMR5 (carbohydrate acylation) +   + 
AT1G21250 S receptor kinase (AtWAK1, WALL-ASSOICATED KINASE 1) +   + 
AT1G53070 ID lectin (legume lectin domain) +   + 
AT3G18490 P Asp protease (pepsin family) (ASPG1) +   + 
AT1G41830 OR multicopper oxidase (AtSKS6, homologous to SKU5) +   + 
AT3G53980 LM non-specific lipid transfer protein (AtLTPd7) +   + 
AT1G33590 ID expressed protein (LRR domains) +   + 
AT3G12610 ID expressed protein (LRR domains) +   + 
AT3G62820 ID plant invertase/ pectin methylesterase inhibitor (PMEI) +   + 
AT1G33811 LM lipase acylhydrolase (GDSL family)  + +  
AT3G22060 UF expressed protein  + +  
AT2G37640 PAC alpha-expansin (ATHEXP ALPHA 1.9) (AtEXPA3)  + +  
AT3G26380 PAC GH27 (alpha-galactosidase/melibiase)  +  + 
AT4G21620 UF expressed protein  +  + 
AT4G36195 P Pro-Xaa carboxypeptidase (Peptidase family S28.A26, MEROPS)  +  + 
AT1G07080 OR thiol reductase (GILT family)  +  + 
AT5G65760 P Pro-Xaa carboxypeptidase (Peptidase family S28.A02, MEROPS)  +  + 
AT5G14450 LM lipase acylhydrolase (GDSL family)  +  + 
AT5G08370 PAC GH27 (alpha-galactosidase/melibiase)  +  + 
AT5G39570 UF expressed protein  +  + 
AT5G08380 PAC GH27 (alpha-galactosidase/melibiase)  +  + 
AT4G34980 P AtSBT1.6 (Peptidase family S08.A39, MEROPS)  +  + 
AT5G07830 PAC GH79 (endo-beta-glucuronidase/heparanase)  +  + 
AT3G05910 PAC CE13 (pectin acylesterase - PAE) (AtPAE12)  +  + 
AT2G27190 M purple acid phosphatase (AtPAP12)  +  + 
AT3G10410 P AtSCPL49 (Peptidase family S10.A45, MEROPS)  +  + 
AT4G21960 OR peroxidase (AtPrx42)  +  + 
AT1G24450 M ribonuclease III  +  + 






Figure 7: Graphical representation of sparse MB-PLS-DA analyses that discriminate the 
samples of the floral stems by the temperature A) plotDIABLO show the correlation between 
each block, B) Individual plots projects the samples for the four blocks. For A and B, each dot 
corresponds to all the samples of one block. C) Clustered image map representing the multi-
omics profiles for each sample discriminated by the temperature: the levels of discriminating 











Table 4. Synopsis of CWPs or transcripts differentially present at a given growth temperature 
in floral stems. The statistical analysis of the data have been performed with a sparse MB-PLS-
DA for the five ecotypes. + corresponds to CWPs or genes having specific profiles (increase or 
a decrease compared to other samples) at one growth temperature. AGI codes in bold means 
that the protein and the gene were both differentially present. M: Miscellaneous; OR: Oxido-
reductases; P: Proteases; PAC: Proteins acting on cell wall polysaccharides; LM: Proteins 
related to lipid metabolism; ID: Proteins with interaction domains (with proteins or 
polysaccharides); S: Signaling; SP: Structural proteins; UF: Unknown function. 
 
AGI code Functional classes Putative function Proteins transcrits 22°C 15°C 
AT1G10640 PAC GH28 (polygalacturonase) +  +  
AT3G22060 UF expressed protein (Gnk2-homologous domain) +  +  
AT1G47128 P Cys protease (papain family) (Peptidase family C01.064) (RD21A) +  +  
AT4G21640 P AtSBT3.15 (Peptidase family S08.A42, MEROPS) +  +  
AT1G26560 PAC glycoside hydrolase family 1 - GH1 (beta-glucosidase) (AtBGLU40) +  +  
AT3G10450 P AtSCPL7 (Peptidase family S10.A15, MEROPS) +  +  
AT2G06850 PAC GH16 (endoxyloglucan transferase) (At-XTH4) +  +  
AT5G21100 OR multicopper oxidase +  +  
AT5G19740 P peptidase M28 (peptidase family M28.A02, MEROPS) +  +  
AT5G15350 OR early nodulin AtEN22 homologous to blue copper binding protein +  +  
AT3G02880 S leucine-rich repeat receptor protein kinase (LRR III subfamily) +  +  
AT2G10940 LM homologous to non-specific lipid transfer protein +  +  
AT5G62210 LM expressed protein (lipase/lipooxygenase domain, PLAT/LH2) +   + 
AT4G01700 PAC glycoside hydrolase family 19 - GH19 +   + 
AT4G23820 PAC glycoside hydrolase family 28 - GH28 (polygalacturonase) +   + 
AT5G51950 OR expressed protein (GMC oxido-reductase domain) +   + 
AT1G18250 M thaumatin (PR5, ATLP1) +   + 
AT1G31550 LM lipase acylhydrolase (GDSL family) +   + 
AT4G31840 OR early nodulin AtEN13 homologous to blue copper binding protein +   + 
AT1G29670 LM lipase acylhydrolase (GDSL family) +   + 
AT2G39850 P AtSBT4.1 (Peptidase family S08.A46, MEROPS)  + +  
AT3G13990 OR multicopper oxidase (AtSKS11, homologous to SKU5)  + +  
AT5G06860 ID PGIP1 (LRR domains)  + +  
AT5G20230 OR stellacyanin AtSTC1, BCB (blue copper binding protein)  + +  
AT1G71695 OR peroxidase (AtPrx12)  + +  
AT4G21585 LM phospholipase C/P1 nuclease  +  + 
AT5G55730 S fasciclin-like arabinogalactan protein (FLA1)  +  + 
AT3G06035 UF expressed protein  +  + 
AT5G45280 PAC CE13 (pectin acylesterase - PAE) (AtPAE11)  +  + 
AT4G00860 UF expressed protein (DUF1138)  +  + 
AT2G38540 LM non-specific lipid-transfer protein (AtLTP1.5, AtLTP1)  +  + 
AT1G27950 LM non-specific lipid transfer protein (AtLTPg4, LTPG1)  +  + 
AT1G41830 OR multicopper oxidase (AtSKS6, homologous to SKU5)  +  + 
AT2G04780 S fasciclin-like arabinogalactan protein (FLA7)  +  + 
AT4G12880 OR early nodulin AtEN20 homologous to blue copper binding protein  +  + 
AT3G05730 UF expressed protein  +  + 
AT5G62210 LM expressed protein (lipase/lipooxygenase domain, PLAT/LH2)  +  + 
AT4G38400 PAC expansin-like A (ATHEXP BETA 2.2) (AtEXLA2)  +  + 
AT2G33530 P AtSCPL46 (Peptidase family, S10.A42, MEROPS)  +  + 





At the rosette level, correlation between samples from each block has been close to 1 
(Fig. 6A). The high level of correlation was due to the well separation of the two temperatures 
between each blocks. The highest correlation was between the proteomics and transcriptomics 
blocks (0.97) and the lowest between the transcriptomics and the phenomics blocks (0.83). This 
result could be due to the good discrimination for the transcriptomic and proteomic blocks 
regarding the individual plots (Fig. 6B). All the blocks show a clear segregation between the 
temperatures in the first component that confirm the global effect of the temperature at multi-
level.  
The identifiable variables, from each block involved in the discrimination according to 
the temperature was represented in the figure 6C (see also Supplementary Table S4A). The 
clustered image map includes also the results of a hierarchical clustering performed jointly on 
the variables and the samples. The list of the proteins and genes are detailed in the table 3. The 
samples are clearly discriminate according to the two growth conditions.  
On this set of protein/gene candidates, 23 % encode proteins acting on cell wall 
polysaccharides (PAC) and 18 % for proteins related to lipid metabolism (LM). This enrichment 
support the impact of the temperature in the CW and could allow to determine the actors of the 
CW modifications. Most of the PAC (6 / 9) are from the family of the glycoside hydrolase that 
could have a role in the CW response to cold stress. The AT5G08380 encoding for an alpha-
galactosidase, was up-regulated by low temperature in our study in which was in agreement 
with previews study performed on another Brassicaceae, Thlaspi arvense (Oono et al. 2006; 
Sharma et al. 2007). That result open research of the role of this family in the cold acclimation.  
In the LM proteins family, three LTPs were also found more abundant at 15°C. In this 
set of proteins, the LTP3 (AT5G59320) has been shown to be involved in the freezing stress in 
A. thaliana (Guo et al. 2013). This proteins related to lipid metabolism was close to the LTP4 
in the dendrogram (correlation > 0.9). The co-induction of these two genes in rosettes at low 
temperature could have a redundant function and be responsible of the higher level of 
hydrophobic compounds found in the CW related to the red staining observe in the micro-
phenotyping study (Fig. 2). In this line, the analysis of the mutant ltp3 that did not show 
cuticular phenotype. No study relative to the LTP4 are known. Analyse of the double mutant 
ltp3 and ltp4 could be help to better understand the lipid transport and the impact in the cold 
acclimation. 
On the other hand, floral stems show less correlation between each block (Fig. 7A). As 
well for the rosette analyses, the highest correlation (0.9) was observed between the proteomics 
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and transcriptomics and the lowest (0.63) between the phenomics and the metabolomics blocks. 
This latter result could be due to the lower segregation between the temperatures in the first 
component in the phenomics and the metabolomics blocks. It was probably amplified by the 
specific phenotype of Hern at 15°C that was different to the other ecotypes (Fig. 7B). In contrast 
to the rosettes, this analyse highlight the differential effect of the temperature at multi-level. 
The important effects of the temperature and the specificity of Hern in the floral stems 
were also highlighted by the hierarchical clustering of the samples in the clustered image map 
of the variables (Fig. 7C). The dendrogram discriminate sample between growth temperatures: 
Roch, Grip Col, Hosp grown at 15°C clustered together and all the samples grown at 22°C with 
Hern at 15°C belonged to the same cluster. It clearly highlighted the specificity of Hern floral 
stem development at low temperature. 
The characteristics of Hern has marked by the lower levels of six transcripts including 
three proteases: AT1G28110, AT4G00230, and AT4G21650 revealed by the dendrogram. The 
latter, was up-regulated by drought and heat stress (Rizhsky et al. 2004). The specific 
acclimation of this ecotype to low temperature may be due to the low level of this family of 
proteases.  
More generally in the floral stems, the majority of gene and protein candidates at 15°C, 
detailed in the table 4 (see also Supplementary Table S5A), was on the LM class (34 %; 8 / 23). 
A previous analyse from the epidermal peels of A. thaliana stems had also highlighted an 
enrichment in genes encoding proteins predicted to be in lipid metabolism and allowed to 
identified new proteins involved in the biosynthesis of waxes and cutin (Suh et al. 2005). In our 
study, the gene LTPG1 (AT1G27950) and the genes and the protein LH2 (AT5G62210) emerged 
in condition of low temperature. The cuticle of the floral stems forms a vital hydrophobic 
barrier, providing mechanical strength and viscoelastic properties as well protecting the plant 
from the environmental stresses. Interestingly, the gene CAPIP2 which exhibited 41 % 
homology with LH2 (Lee et al. 2006) was known as a defence protein against abiotic stress 
stresses (Majid et al. 2017). These two proteins, involved in the lipid transfer, may be play a 
major role in stress resistance.  
At 22°C the situation was different, the candidates differentially detected was mainly 
represented by proteases (P; 30%; 5 / 17) and oxido-reductases (OR; 30 %; 5 / 17) classes. This 
result may be play a part in the higher ratio of linearity pectin and xyloglucan observed at this 
temperature (Fig. 3). This change of polysaccharides compounds may be including a necessity 
of specific protein represented by these classes. The proteases may be participate to the 
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maturation of parietal proteins while the OR regulates the cellular elongation by forming 
covalent bonds between structural proteins.  
To help the interpretation, an MB-PLS-DA that discriminate the samples following the 





Specific behaviour of the ecotype to temperature effect between different organs 
 
Figure 8: Graphical representation of sparse MB-PLS-DA analyses that discriminate the 
samples of the rosette by the ecotype A) plotDIABLO show the correlation between each block, 
B) Individual plots projects the samples for the four blocks. For A and B, each dot corresponds 
to all the samples of one block. C) Clustered image map representing the multi-omics profiles 
for each sample discriminated by the ecotype: the levels of discriminating variables belonging 














Table 5. Synopsis of CWPs or transcripts differentially present in rosettes of the ecotype 
Hosp. The statistical analysis of the data has been performed with a sparse MB-PLS-DA. + 
corresponds to CWPs or genes having specific profiles in this ecotype (increase or a decrease 
compared to other samples). AGI codes in bold means that the protein and the gene were both 
differentially present. M: Miscellaneous; OR: Oxido-reductases; P: Proteases; PAC: Proteins 
acting on cell wall polysaccharides; LM: Proteins related to lipid metabolism; ID: Proteins 
with interaction domains (with proteins or polysaccharides); S: Signaling; SP: Structural 
proteins; UF: Unknown function. 
 
AGI code Functional classes Putative function Proteins transcrits 
AT1G78850 ID lectin (curculin-like) +  
AT5G08370 PAC GH27 (alpha-galactosidase/melibiase) +  
AT2G14610 M (PR) 1 / Cys-rich secretory protein (SCP) +  
AT5G38980 UF expressed protein +  
AT3G04720 ID expressed protein (Barwin domain, defense protein) +  
AT1G66970 LM GDPDL1, GDPL3 +  
AT3G28220 UF expressed protein (MATH domain) +  
AT5G48540 UF expressed protein +  
AT1G78680 P peptidase C26 (peptidase family C26.003, MEROPS)(GGH2) +  
AT1G55260 LM AtLTPg6 +  
AT1G55210 M AtDIR20 +  
AT3G16850 PAC GH28 (polygalacturonase) +  
AT2G18660 PAC EXR3 +  
AT5G38980 UF expressed protein  + 
AT1G49740 LM expressed protein (phospholipase C)  + 
AT4G29240 ID expressed protein (LRR domains)  + 
AT4G28100 UF expressed protein  + 
AT4G12390 ID plant invertase/pectin methylesterase inhibitor (PMEI-like)  + 
AT2G47010 UF expressed protein  + 
AT5G03610 LM lipase acylhydrolase (GDSL family)  + 
AT3G14920 PAC Peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine amidase A  + 







Figure 9: Graphical representation of sparse MB-PLS-DA analyses that discriminate the 
samples of the floral stems by the ecotype A) plotDIABLO show the correlation between each 
block, B) Individual plots projects the samples for the four blocks. For A and B, each dot 
corresponds to all the samples of one block. C) Clustered image map representing the multi-
omics profiles for each sample discriminated by the ecotype: the levels of discriminating 















Table 6. Synopsis of CWPs or transcripts differentially present in floral stems of the ecotypes 
Hosp and Hern. The statistical analysis of the data has been performed with a sparse MB-PLS-
DA. + corresponds to CWPs or genes having specific profiles in this ecotype (increase or a 
decrease compared to other samples). AGI codes in bold means that the protein and the gene 
were both differentially present.  M: Miscellaneous; OR: Oxido-reductases; P: Proteases; 
PAC: Proteins acting on cell wall polysaccharides; LM: Proteins related to lipid metabolism; 
ID: Proteins with interaction domains (with proteins or polysaccharides); S: Signaling; SP: 
Structural proteins; UF: Unknown function. 
AGI code Functional classes Putative function Proteins transcrits Hosp Hern 
AT2G12480 P AtSCPL43 +  +  
AT5G19240 UF expressed protein +  +  
AT3G02740 P Asp protease (pepsin family) +  +  
AT1G66970 LM GDPDL1, GDPL3 +  +  
AT1G27950 LM AtLTPg4, LTPG1 +  +  
AT4G31140 PAC GH17 (beta-1,3-glucosidase) +  +  
AT5G60950 S AtCOBL5 +  +  
AT3G32980 OR peroxidase (AtPrx32) (ATP16A) +  +  
AT3G15356 ID lectin (legume lectin domain) +   + 
AT4G16260 PAC GH17 (beta-1,3-glucosidase) +   + 
AT3G16530 ID lectin (legume lectin domain) +   + 
AT2G26010 M homologous to gamma thionin (defensin) +   + 
AT3G04720 ID expressed protein (Barwin domain, defense protein) +   + 
AT1G29050 PAC PMR5 +   + 
AT1G78820 ID lectin (curculin-like)  + +  
AT4G02330 PAC CE8 (AtPME41)  + +  
AT5G19240 UF expressed protein  + +  
AT5G09760 PAC CE8 (AtPME51)  + +  
AT5G48540 UF expressed protein  + +  
AT1G78060 PAC GH3 (beta-xylosidase) (AtBXL7)  + +  
AT4G39640 M gamma glutamyltranpeptidase (GGT2)  + +  
AT4G34480 PAC GH17 (beta-1,3-glucosidase)  + +  
AT4G01700 PAC GH19  + +  
AT2G42800 ID expressed protein (LRR domains)  + +  
AT5G03610 LM lipase acylhydrolase (GDSL family)  + +  
AT2G17120 ID expressed protein (LysM domain)  + +  
AT3G02880 S LRR III subfamily  + +  
AT5G42100 PAC GH17 (beta-1,3-glucosidase)  + +  
AT3G44100 LM MD-2-related lipid-recognition (ML) domain  +  + 
AT1G01300 P Peptidase family A01.A05, MEROPS)  +  + 
AT4G00230 P AtSBT4.14, XSP1  +  + 
AT3G61820 P Peptidase family A01.A13  +  + 
AT3G02110 P AtSCPL25  +  + 
AT4G02290 PAC GH9 (endo-1,3(4)-beta-glucanase)  +  + 
AT3G52500 P Peptidase family A01.A47, MEROPS  +  + 
AT4G23820 PAC GH28 (polygalacturonase)  +  + 
AT5G23870 PAC CE13 (pectin acylesterase - PAE) (AtPAE9)  +  + 
AT2G22970 P SCPL11  +  + 
AT5G25980 PAC AtBGLU37  +  + 
AT3G12700 P Peptidase family A01.A30  +  + 
AT1G28110 P AtSCPL45  +  + 
AT4G33220 PAC CE8 (AtPME44)  +  + 
AT5G19740 P peptidase M28  +  + 
AT5G51750 P AtSBT1.3  +  + 
AT1G04680 PAC PL1 (pectate lyase) (AtPLL26)  +  + 
AT1G70710 PAC GH9 (AtCEL1)  +  + 
AT5G23210 P AtSCPL34  +  + 




The ecotypes used in this study were originated from contrasted environments and they 
all shown different response amplitude to low temperature. The correlation between 
components from each block varied from 0.87 when the proteomics and transcriptomics blocks 
were compared to 0.56 when the metabolomics and the phenomics blocks were compared (Fig. 
8A). Regarding the individual plots, each blocks discriminate different ecotypes (Fig. 8B). 
Thus, i) the proteomic blocks clustered Roch with Grip, Col with Hern and discriminated Hosp, 
ii) the transcriptomic block exhibited the same profile but with a better segregation ii) the 
phenomic block allowed only to separate Roch at 22°C and the metabolomics block did not 
allowed to clusterize one condition. These differences of profiles were induced by contrasted 
expression of variables represented in the figure 8C.  
The clustered image map of the samples from each block involved in the discrimination 
according to the ecotypes show a segregation in three groups (Fig. 8C). The first one contained 
only Hosp, the second combined Roch and Grip at 15°C and the last one was composed by 
Hern, Col and Grip at 22°C. The specific profile of the Hosp was supported by a pool of genes 
and proteins sort in the table 5 (see also Supplementary Table S4B). A majority of these 
candidates has unknown function (27%) like the expressed protein AT5G38980 found at both 
protein and transcript levels. Studying specifically this gene could reveal one major actor of the 
CW plasticity. The second functional class represented in this ecotype is the LM. Two non-
specific lipid transfer protein were found in this set of candidates. The protein LTPG6 
(AT1G55260) was more abundant and, the gene LTP6 (AT3G08770) was up-regulated in Hosp 
at 15°C. This results, coupled to the LTP3 and LTP4 found more abundant at low temperature 
may be help to understanding the higher level of hydrophobic compounds found in the CW of 
Hosp compared to Col observe in the micro-phenotyping study. Based on these results, the cold 
acclimation may be eased by the lipid transport. Furthermore, some variables of the phenomic 
(density, number of leaves and the weight), the metabolomic blocs (XG contents) and genes / 
proteins were clustered on the dendogram. This grouping was mainly due to the higher values 
of Grip and Hern at 15°C, Roch at both temperatures and the lower values of Hosp (Fig. 8C). 
Indeed, this group contains six transcripts including two Prxs (AT3G49110, AT1G71695), one 
LTP (AT2G44290) and also one protein (Glycosyl hydrolase; AT3G19620). These list, which 
clustered with the variables from other blocs could increase the list of candidates implicated on 
the modification of the CW by the XG and it implication in cold acclimation. 
The behaviour of the ecotypes to the temperature effect were different at the floral stem. 
Correlations between components from each block varied more strongly passing from 0.95 
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between the proteomics and transcriptomics to 0.25 between the metabolomics and the 
phenomics blocks (Fig. 9A). This large range of correlation was due to better grouping of the 
samples observed in the proteomics and transcriptomics blocks and worst the metabolomics 
and the phenomics blocks (Fig. 9B). This observation was confirmed by the strong isolation of 
Hern in the first axe and of Hosp in the second one regarding the proteomics and transcriptomics 
blocks on the individual plots (Fig. 9B). On the other hand, only the ecotype Hern can be 
separated between the two growth temperature conditions with the phenomic block but not as 
clearly observed with the two previous blocks. All samples are well separated by their specific 
variability of a few number of variable viewable with the clustered image map (Fig. 9C). This 
analyse has allow to segregated the samples in three major groups: Hern, Hosp and the others 
ecotypes. By this sparse approach, a pool of genes and proteins differentially present in floral 
stems of the ecotypes Hosp and Hern were sort in the table 6 (see also Supplementary Table 
S5B). This analyse, discriminating for the ecotype variable did not provide any common 
candidates with this analyse focus to the temperatures, because the specificity of each 
qualitative blocs appears too important to allow to isolate the same candidate for the 
temperature and the ecotype analysis. 
As previously mentioned, the floral stems of Hern appeared clearly different from the 
others ecotypes. This specificity could be noticed by the cluster grouping of all the phenomics 
and metabolomics variables, except the ratio of branching of RGI. Co-expressed with these 
blocks, 6 proteins were more abundant in this ecotype among them, 3 belonged to the 
interaction domains class (ID) and 2 to the PAC class. Among the ID, the two lectins associated 
(AT3G15356, AT3G16530) were known to be sensible to abiotic stress and were found up-
regulated with hormonal responses (Lyou et al. 2009; Wong et al. 2006). The other ID protein, 
PR4 (AT3G04720), was also positively regulates to the jasmonate and the ethylene (Catinot et 
al. 2015). The β-1,3-endoglucanase proteins of the PAC class (AT4G16260) was also an 
ethylene-regulated gene (Zhong et al. 2003). These results highlight the link between the 
phenotype and the hormones on the stems of Hern. Hormones were not analysis in this study 
but could play a major role to the phenotype of this organ. Interestingly, at the gene expression 
level, the proteases, largely present in this set of genes (11 / 20) and the PAC (7 / 20), are down 
regulated in Hern. Proteases play a role in the generation of signals involved in the development 
and also contribute to the turnover of CWPs (Feiz et al. 2006). This process, still poorly 
understood may have a role in the reduction of the diameter and the length the floral stems of 
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Hern at low temperature compared to the other ecotypes. Hern is an interesting population to 
studying this class of proteins and their contribution of CW plasticity in floral stems. 
The ecotype Hosp shown also a specific profile at multi-level. The relative specificity 
of this ecotype was only viewable at the proteomic and transcriptomic level. With less 
contrasted altered phenotypic than Hern, Hosp demonstrated fewer representativeness of a 
specific class of genes and proteins. But, some candidates appears as specific to this ecotype 
like the serine AT2G12480 and the aspartic proteases AT3G02740 proteins. And, in contrario 
to the candidates of Hern down-regulated, the genes highlighted by this analyse appears as 
specifically up-regulated in Hosp. As example, the lectin (AT1G78820) belonging to the PAC 
class was induced more than 2 times compare to the ecotype Col. Moreover, two candidates 
already found in the stem epidermis (Suh et al. 2005) specific to the ecotype Hosp: the protein 
LTPG1 (AT1G27950) more abundant at 15°C and the transcript of the PME41 (AT4G02330). 
The protein LTPG1 is known to be associated to LTPG2 inducing a cuticular wax accumulation 
(Kim et al. 2012). And, PME41 are sensitive to chilling stress and regulated by brassinosteroids 
(Qu et al. 2011). This PME could be play a role in plant chilling tolerance by modifying the 
mechanical properties of the CW. The viewable phenotype of Hosp may be determined at the 
epidermis. Furthermore, the possible regulation of the PMEs by hormones like the 
brassinosteroids lead to investigate their actions in the plants cold acclimation. 
 
CONCLUSIONS 
This study has compared at multi-level natural ecotypes initially originated from 
contrasted environments in the Pyrenees. The aims of this study was to identify new molecular 
players of the CW plasticity to acclimation to sub-optimal growth temperature conditions by an 
integrative study. The ecotypes showed different phenotypes depending to the growth 
temperature and the organs studied. The complex response have been highlighted at different 
level. For example, the increase of the XG in rosettes and decrease in floral stems at 15°C 
illustrate the contrasted CW composition. The differential CW plasticity mechanisms between 
organs can be also illustrated by the CW proteomes and transcriptomes modified differently 
depending to the ecotype and the temperature. The integrative analysis approach is an effective 




The global integration of all blocks allowed to found new candidates in the LTP family 
to better understand the establishing of the cuticle layer. The difference observe in the rosette 
or floral stems coupled to the natural variability of response like the ecotype Hosp gave a 
powerful tool to studying the cuticle. The specificity of each ecotypes related to genes and 
proteins may be important to identified new candidates, new hypotheses or new regulations of 
the CW plasticity.  
This project revealed that cold acclimation affects the expression of several genes and 
proteins with little or unknown biological functions, thereby providing new putative candidates 
targets for future research. Most importantly, this powerful integrative analysis has allowed to 
identify some interesting candidates for exploring the adaptation of natural populations to cold 
acclimation, further studies using mutants with altered expression of these targets are necessary 
to elucidate their biological significance. Although the amount of work may grow 
exponentially, hypothesis-based approaches exploring understudied traits can provide 
extremely interesting new insights and new questions in A. thaliana research and by transfer of 
knowledge to agronomical plants. 
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Figure S3: Reconstruction of the main cell wall polysaccharides from monosaccharide analysis. Monosaccharide
composition rosettes (A) and floral stems (B) plants grown at 22 °C and at 15 °C has been obtained. The formulas used
to rebuild the polysaccharides are given in Table 2. Mean values were analyzed from tree independent batch. XG:







































































L’analyse intégrative de données hétérogènes ou multi-blocs a été utilisé. En effet, ce 
projet regroupe quatre blocs quantitatifs de données (phénomique, métabolomique, 
protéomique et transcriptomiques) et 20 variables différentes (5 écotypes et 2 températures). 
L’analyse systématiques de chaque bloc de données de façon indépendante est envisageable 
mais la mise en relation des blocs de données entre eux étant inconcevable, l’approche 
statistique a permis de trier les différentes informations ainsi que de faire ressortir les gènes et 
protéines les plus représentative d’une condition. L’interprétation biologique de tous les 
résultats n’est pas encore finaliser au vu du nombre d’illustration graphique et de listes de 
gènes/protéines candidats obtenues dans ce projet. Cependant, les premiers résultats présentés 
ici sont prometteur. 
L’utilisation de la diversité naturelle est un atout majeur pour étudier et appréhender la 
capacité d’adaptation et d’acclimatation des plantes à leurs milieux naturels. Leurs différences 
génétiques et leurs altitudes d’origines contrastées nous ont permis également d’appréhender 
l’évolution de la plasticité phénotypique de cette espèce au changement climatique. 
 
Enfin, les études et l’analyse de grands jeux de données hétérogènes ont permis de 
d’identifier des protéines et des gènes dont les fonctions restent inconnues dans le remodelage 
pariétal. Ces nouveaux candidats ouvrent la voie à des études fonctionnelles qui permettront de 
mieux comprendre les mécanismes induisant des modifications des parois face à des 






















Pour aboutir, ce projet a dû mettre en lien des disciplines diverses : l’écologie, la 
biologie et la statistique. De par la complexité de l’interdisciplinarité, la stratégie adoptée fût 
de réaliser plusieurs études préliminaires. Ces pré-projets ont été nourris par de riches 
discussions pour définir un vocabulaire, des méthodologies ou encore les concepts compris de 
chaque communauté. Ainsi, les deux études en protéomique ont permis l’élaboration de 
nouveaux modèles de modification post-traductionnelle, l’étude génétique des populations 
naturelles a été complétée par des analyses intégratives couplant des données génétiques, 
phénotypiques et environnementales. Enfin, l’aboutissement d’une première étude intégrative 
combinant des données multi-omiques nous a permis dans un premier temps, sur un petit 
nombre de variables (deux écotypes à deux températures), d’avoir un premier retour sur les 
difficultés rencontrées lors de la gestion de grands jeux de données. 
L’approche innovante du projet WallOmics pour l’analyse d’un grand nombre de jeux 
de données a fait l’objet de trois années de discussion et d’interaction entre des biologistes et 
des statisticiens. Cette interaction a abouti à la rédaction d’une publication de méthodologie 
statistique qui rendra, nous l’espérons, plus faciles et plus sereines les futures analyses 
intégratives. De plus, l’utilisation et le choix des représentations graphiques associées ont 
participé à la compréhension et à l’interprétation de chaque résultat d’analyse. Appliqué dans 
le projet WallOmics, cette méthodologie d’analyse bloc par bloc puis via l’intégration de chacun 
d’entre eux a été extrêmement efficace. Elle a notamment permit de faire ressortir des protéines 
et des transcrits ayant un profil spécifique d’une condition ou d’un écotype donné, essentiel 
pour de futures analyses fonctionnelles. 
L’identification de ces nouveaux candidats va permettre l’orientation de futures 
recherches. Ainsi, ils pourraient par exemple servir de marqueurs de stress dans un organe 
donné. Certains candidats révélés par ces analyses peuvent également donner lieu à de nouvelles 
pistes d’étude de mécanisme moléculaire chez A. thaliana lors de recherches menées sur des 
réponses aux variations de la température. Ces analyses fonctionnelles pourront également être 
élargies à d’autres organes de la plante.  
Pour faire suite à ce projet portant sur les organes aériens d’Arabidopsis et d’élargir le 
champ de recherche à un nouvel organe, des analyses phénotypiques sur les racines ont été 
entreprises. Dans la volonté d’observer la réponse de nos populations naturelles aux 
changements de température, les analyses ont été réalisées à 15, 22 et 28°C. Cette dernière 
température permettra d’observer l’impact des températures modérément hautes sur la 
croissance racinaire. De plus, l’environnement naturel d’une plante n’étant pas restreint qu’à 
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des variables climatiques, des analyses pédologiques sur les lieux de récolte des populations 
pourraient être envisagées. Ces nouveaux paramètres permettrons d’enrichir notre vue sur 
l’adaptation des plantes à leurs environnements naturels. Dans cet objectif, des analyses 
préliminaires de phénotypage racinaire ont également débuté en condition de carence en 
phosphate et stress salin.  
Pour finir, ce projet transdisciplinaire a généré de riches interactions qui ont pu être 
valorisées via des publications mais outre cela, il a aussi permis le développement d’un réseau 
scientifique offrant la possibilité de mener des études complexes par des approches innovantes 
sur des populations naturelles. Ce projet ouvre la voie à des études combinant des données 
multi-omiques sur des espèces d’intérêt agronomique et pouvant porter sur des combinaisons 
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Cell wall proteins (CWPs) play critical and dynamic roles in plant cell walls by contributing
to developmental processes and response to environmental cues. Since the CWPs go
through the secretion pathway, most of them undergo post-translational modifications
(PTMs) which can modify their biological activity. Glycosylation is one of the major PTMs
of CWPs and refers to N-glycosylation, O-glycosylation and glypiation. Each of these
PTMs occurs in different amino acid contexts which are not all well defined. This article
deals with the hydroxylation of Pro residues which is a prerequisite for O-glycosylation of
CWPs on hydroxyproline (Hyp) residues. The location of Hyp residues is well described
in several structural CWPs, but yet rarely described in other CWPs. In this article,
it is studied in detail in five Arabidopsis thaliana proteins using mass spectrometry
data: one of them (At4g38770, AtPRP4) is a structural CWP containing 32.5% of Pro
residues arranged in typical motifs, the others are either rich (27–28%, At1g31580
and At2g10940) or poor (6–8%, At1g09750 and At3g08030) in Pro residues. The
known rules of Pro hydroxylation allowed a good prediction of Hyp location in AtPRP4.
However, they could not be applied to the other proteins whatever their Pro content. In
addition, variability of the Pro hydroxylation patterns was observed within some amino
acid motifs in all the proteins and new patterns of Pro hydroxylation are described.
Altogether, this work shows that Hyp residues are present in more protein families than
initially described, and that Pro hydroxylation patterns could be different in each of them.
This work paves the way for completing the existing Pro hydroxylation code.
Keywords: Arabidopsis thaliana, cell wall protein, hydroxyproline, mass spectrometry, proline hydroxylation,
proline-rich protein, post-translational modification
INTRODUCTION
Cell wall proteins (CWPs) are important players in plant cell walls, otherwise mainly constituted
of polysaccharides, and eventually of phenolic compounds around differentiated lignified cells
(Carpita and Gibeaut, 1993). They have been involved in the remodeling of cell wall polymers
networks by hydrolysing covalent bounds, inserting newly synthesized polysaccharides, cross-
linking together structural proteins, proteins and polysaccharides or polysaccharides and phenolic
compounds (Franková and Fry, 2013; Cosgrove, 2015). Together with extracellular peptides,
some CWPs have also been involved in signaling, thus allowing cell-to-cell communication
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(Matsubayashi and Sakagami, 2006; Lamport and Várnai,
2013; Tavormina et al., 2015). Altogether, CWPs and peptides
contribute to both developmental processes and response to
environmental cues (Tenhaken, 2015; Borassi et al., 2016). Most
of them undergo post-translational modifications (PTMs) during
their transport through the secretion pathway (Faye et al., 2005;
Kim and Brandizzi, 2016) which can modify their conformation,
their biological activity and/or their ability to interact with
cell wall components (Lannoo and Van Damme, 2015; Baer
and Millar, 2016; Strasser, 2016). As an example, the site-
directed mutagenesis of the N-glycosylation motifs of a class III
peroxidase was shown to reduce its thermal stability, its catalytic
activity and to modify its conformation (Lige et al., 2001).
During recent years, proteomics has facilitated a better
knowledge of the plant cell wall proteome by increasing its
coverage thanks to the design of specific strategies able to recover
protein extracts enriched in extracellular proteins from organs
of several model plants and crops (Lee et al., 2004; Albenne
et al., 2013; Komatsu and Yanagawa, 2013; Rodríguez-Celma
et al., 2016). Beyond the identification of proteins, technological
advances have also permitted description of their PTMs. Various
methods have been developed to address this particular question.
In particular, immobilized affinity chromatography (IMAC) and
lectin-affinity chromatography have allowed studying protein
phosphorylation and glycosylation, respectively (Ytterberg and
Jensen, 2010; Nakagami et al., 2012; Ruiz-May et al., 2014; Canut
et al., 2016).
Glycosylation is one of the major PTMs of CWPs and
refers to N-glycosylation, O-glycosylation and addition of
glycophosphatidylinositol (GPI)-anchors, also named glypiation
(Faye et al., 2005). Each of these PTMs occurs on specific amino
acid sequences. N-glycosylation is the best described. It occurs on
Asn residues in Asn-X-Ser/Thr motifs, where X cannot be a Pro
residue. In these motifs, the hydroxyl functional group of Ser/Thr
residues was shown to be required in the transglycosylation
reaction on the Asn residue (Bause and Legler, 1981), whereas the
presence of a Pro residue modifies the local conformation of the
protein, thus preventing its N-glycosylation (Bause, 1983). The
different structures of N-glycans are well-known, thus allowing
systematic search in mass spectrometry (MS) data obtained in
conditions preserving glycan-peptide bonds (Ruiz-May et al.,
2012). GPI-anchors are transferred by a transamidase to a
carboxy-terminal GPI-attachment signal peptide which can be
predicted by bioinformatics (Eisenhaber et al., 2003). Several
targeted proteomic studies have contributed to the identification
of GPI-anchored proteins and some of them could be released
from plasma membrane fractions by a phospholipases C or D
which cleave GPI-anchors (Borner et al., 2003; Elortza et al.,
2003; Elortza et al., 2005). O-glycosylation is the most complex
type of glycosylation. In plant CWPs, it can occur on Ser and
hydroxyproline (Hyp) residues (Faye et al., 2005). Galactose can
be linked to Ser and Hyp residues whereas arabinose can only
be linked to Hyp residues (Canut et al., 2016). According to
the so-called Hyp contiguity hypothesis initially proposed for
hydroxyproline-rich proteins (HRGPs), contiguous Hyp residues
are arabinosylated and clustered non-contiguous Hyp residues
are galactosylated (Shpak et al., 2001). Then, glycosyltransferases
can extend the O-glycans in different ways depending on the
initial pattern of Pro hydroxylation. The correct O-glycosylation
of HRGPs was shown to be required for their conformation or
their biological activity (Stafstrom and Staehelin, 1986; Velasquez
et al., 2011).
Pro hydroxylation is a major step for O-glycosylation, but
it is still difficult to predict in which amino acid context it
occurs. In a previous review, we have proposed an extended
Pro hydroxylation code (Canut et al., 2016), based on both (i)
the initial Pro hydroxylation code (Kieliszewski and Lamport,
1994) and (ii) additional experimental LC-MS/MS and Edman
sequencing data. The extended code has taken into account more
protein and peptide families than the former one, including
structural proteins like HRGPs and Pro/Hyp-rich proteins,
solanaceous lectins, allergens, systemins and CLE peptides.
Briefly, Pro residues could be hydroxylated when they are located
after Ala, Gln, Hyp, Pro, Ser, Thr, and Val residues, whereas
the first Pro residue following the other amino acids could not
be hydroxylated (Figure 1). Only little information is available
regarding Trp and Met residues. In a large mutagenesis screen
performed on the amino acids surrounding the only Pro residue
of sporamin shown to be hydroxylated, Trp and Met were not
shown to favor the hydroxylation of the following Pro residue
(Shimizu et al., 2005).
In this article, our aim was to test the extended Pro
hydroxylation code on a new set of CWPs including non-
structural CWPs. We have thus selected five CWPs with various
contents in Pro residues. Three of them were rich in Pro residues
among which AtPRP4 which is a structural CWP (Fowler
et al., 1999) and two of them were poor in Pro residues. We
have performed a deep data mining on two recent cell wall
proteomic studies performed on rosettes and stems of Arabidopsis
thaliana (Hervé et al., 2016; Duruflé et al., 2017). From the fine
analysis of MS data, we have compared the observed patterns
of Pro/Hyp location to the predicted ones according to the
Pro hydroxylation extended code. The limits of the existing
extended Pro hydroxylation code are discussed and new motifs
are described.
RESULTS
Mapping of Hyp Residues
For this analysis, we have taken advantage of two cell wall
proteomics studies which have lead to the identification of
numerous CWPs, 361 in rosettes and 302 in stems, i.e.,
397 different CWPs (Hervé et al., 2016; Duruflé et al.,
2017). This body of data corresponded to three independent
experiments (two for rosettes and one for stems), each of
them including three biological replicates. The parameters
used for peptide identification included a possible mass
delta of 15.99 Da for each Pro residue, corresponding to
its hydroxylation. As an example, in one of the rosette
experiment, 79% of the identified CWPs were predicted
to be N-glycosylated (presence of the PS00001 PROSITE
motif), whereas 17.5% had at least one peptide carrying
a Hyp residue. Among the latters and in addition to the
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FIGURE 1 | The proposed Pro-hydroxylation code for plant cell wall proteins.
On the left side, amino acids preceding Pro residues. On the right side,
patterns of Pro hydroxylation (Canut et al., 2016).
proteins described below, there were lectins, Asp proteases,
lipases acylhydrolases of the GDSL family, and class III
peroxidases.
Five CWPs were selected on the basis of the following
criteria: (i) their abundance in these aerial organs, as shown
by the high number of sequenced peptides for each of them
(from 89 to 533, depending on the protein); and (ii) a high
sequence coverage (from 26 to 72% of the mature protein)
(Table 1). The MS data corresponding to these five proteins are
given in Supplementary Table S1. In addition, none of them
has already been shown to contain Hyp residues. At4g38770
(AtPRP4) is a Pro-rich protein and its gene was shown to be
expressed in aerial organs (Fowler et al., 1999). At1g09750 is a
predicted Asp protease. At1g31580 (ECS1/CXc750) was assumed
to be involved in resistance mechanisms (Aufsatz et al., 1998).
At3g08030 (AthA2-1) has a predicted DUF642 domain (Vázquez-
Lobo et al., 2012). Finally, At2g10940 is a protein showing
homology to non-specific plant lipid transfer proteins. Three out
of these CWPs have amino acid sequences rich in Pro residues
as calculated from their mature sequence: AtPRP4 (32.5% Pro),
At1g31580 (27.9%), and At2g10940 (27.3%). The two others,
At1g09750 and At3g08030, are poor in Pro residues (7.3 and
6.4%, respectively). Contrarily to the three former proteins
which exhibit Pro-rich motifs, the latter ones have dispersed Pro
residues.
The extended Pro hydroxylation code was applied to
predict the location of Hyp residues in the five amino acid
sequences and to compare them to the observed ones. All
details are given in Supplementary Figure S1, and simplified
views of AtPRP4 and At2g10940 are shown in Figures 2 and 3.
The sequences including the predicted Hyp residues are
shown on the left and the observed ones are framed on
the right of each figure. No obvious difference could be
found between the three datasets regarding the frequency
of occurrence of the different peptide variants according
to the location of Pro and Hyp residues (Pro/Hyp peptide
variants). In particular, no difference could be found between
the rosette and the stem samples. The MS/MS data were
manually checked as shown in Supplementary Figure S2
for two peptides of AtPRP4. All the Pro/Hyp locations
were confirmed with the exception of two motifs in the
amino acid sequence of At1g09750 (GPM and LPM). We
could not discriminate between the hydroxylation of a Pro
residue and the oxidation of a Met residue (Supplementary
Table S2B and Figure S1). Thus, we did not retain the
hypothesis of a Pro hydroxylation in these motifs in the
following.
Several observations could be done. (i) A very high proportion
of Pro residues was hydroxylated in the three Pro-rich proteins
(69/92 in AtPRP4, 8/10 in At1g31580, 36/49 in At2g10940). (ii)
Only a few Hyp residues could be found in proteins poor in Pro
residues, and rarely at predicted positions (none in At1g09750;
only at two out of nine predicted possibilities, and two at
unexpected positions, but at a very low frequency, in At3g08030).
(iii) For a given peptide, several variants could be observed.
For example, two variants of GFDHPFPLPPPLELPPFLK and
three variants of YSPPVEVPPPVPVYEPPPKK were found
in AtPRP4: GFDHPFPLPOOLELPOFLK as predicted, and
GFDHPFOLPOOLELPOFLK; YSOOVEVOOOVOVYEPOOKK
as predicted, YSOOVEVOOOVOVYEPOPKK, and YSOOVE
VOOOVOVYEOOOKK (Supplementary Figure S2). (iv) The
observed discrepancies between the predicted and the observed
Pro/Hyp locations could be either a Pro instead of a Hyp residue
or vice-versa. (v) Some discrepancies could be systematically
observed, as the FOOR motif in At1g31580 instead of the
predicted FPOR motif.
This survey has allowed the fine mapping of Pro/Hyp residues
in the five selected CWPs. The next issue was to know how
efficiently the extended Pro hydroxylation code could predict
their location.
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TABLE 1 | Sequence coverage and number of peptides analyzed by LC-MS/MS for each protein.
Size of the protein





At4g38770 (AtPRP4) 419 51 131
At1g09750 428 26 450
At1g31580 68 60 89
At3g08030 353 72 533
At2g10940 264 60 250
The list of the sequenced peptides is provided in Supplementary Table S1. The percentage of sequence coverage is calculated for the mature protein sequence and takes
the results of the three experiments into account.
FIGURE 2 | Hydroxylation of Pro residues in the amino acid sequence of At4g38770 (AtPRP4) encoding a Pro-rich protein. The amino acid sequence of AtPRP4 is
written from left to right and from top to bottom. The predicted peptide signal is indicated in light blue. The Pro-rich domain is displayed in order to emphasize
repetitive sequences and tryptic peptides (one per line). On the left side, predicted Pro (P) and Hyp (O) residues are in pink and green, respectively. On the right side,
observed Pro and Hyp residues at unexpected positions are underlined. For each peptide, the number between brackets corresponds to its frequency of
occurrence, expressed as a ratio between the number of observed peptides and the total number of sequenced peptides. The numbers inside stars allow the
comparison between the predicted/observed peptides (on the left side) and the corresponding observed Pro/Hyp peptide variants (on the right side).
Efficiency of the Prediction of the
Location of the Pro/Hyp Residues
For each protein sequence, the total number of Pro and
Hyp positions was recorded and compared to the number
of correct predictions (Table 2 and Supplementary Table S2).
The percentage of mis-predictions was found to range from
5.1 to 46.7%. The best prediction was obtained for AtPRP4
which is a HRGP, i.e., a canonical protein with regard to the
proposed rule. Except one motif in peptide 3 (Figure 2 and
Supplementary Figure S1A), VPOOV instead of the predicted
VOOOV, all the other predicted motifs were found at least once.
Some variability was observed within 12 motifs located in seven
peptides (numbered 1, 2, and 4–8 on Figure 2). The KPPPK
motif was the most variable one, with the following variants:
KPOOK as predicted (peptides 3–5 and 7), KPPOK (peptides 4,
5, and 7), KOPPK (peptides 5 and 7), and KPPPK (peptide 7).
Other motifs including three Pro/Hyp residues were also variable,
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FIGURE 3 | Hydroxylation of Pro residues in the amino acid sequence of At2g10940 encoding a protein homologous to non-specific lipid transfer protein. The amino
acid sequence of At2g10940 is written from left to right and from top to bottom. The predicted peptide signal is indicated in light blue. The Pro-rich domain is
displayed in order to emphasize repetitive sequences and tryptic peptides (one per line). On the left side, predicted Pro (P) and Hyp (O) residues are in pink and green,
respectively. On the right side, observed Pro and Hyp residues at unexpected positions are underlined. For each peptide, the number between brackets corresponds
to its frequency of occurrence, expressed as a ratio between the number of observed peptides and the total number of sequenced peptides. The numbers inside
stars allow the comparison between the predicted/observed peptides (on the left side) and the corresponding observed Pro/Hyp peptide variants (on the right side).
TABLE 2 | Efficiency of the prediction of Pro/Hyp location in CWP amino acid sequences according to the proposed rules.







At4g38770 868 44 5.1
At1g09750 343 104 30.3
At1g31580 439 154 35.1
At3g08030 502 225 44.8
At2g10940 602 281 46.7
Five CWP sequences were analyzed by LC-MS/MS (Supplementary Table S1) and the percentage of mis-predictions was calculated (Supplementary Table S2).
such as EPPPK in peptide 2 (EPOOK as predicted, EPOPK
and EOOOK), HPPPV in peptide 4 (HPOOV as predicted and
HOPO), CPPPV in peptide 8 (CPOOV as predicted and CPPPV).
The other cases of variability concerned shorter motifs such as
FPL (FOL in peptide 1), VPV/I (VPV in peptide 5 and VPI
in peptide 8), KPPT/V (KOPT in peptide 6, KPPV in peptide
8). However, all these Pro/Hyp peptide variants were not the
prevailing forms of the motifs (see Supplementary Table S2).
The prediction of Pro and Hyp location was much less
efficient for the four other proteins, irrespectively, to their Pro
content. Regarding the two proteins with a low Pro content,
the percentage of mis-prediction of Pro/Hyp location was
very high (30.3% for At1g09750 and 44.8% for At3g08030).
Hyp was only found in At3g08030, but in solely three motifs
(VOF, GOH, and LOL) and at a low frequency (Table 3).
Regarding the two proteins with a high percentage of Pro
residues (At1g31580 and At2g10940), the situation was very
different. Although they both exhibited a high percentage of
Pro residues, the proposed rules did not allow reaching a high
level of correct prediction of Pro/Hyp location. For At1g31580,
peptide variants could mostly be observed for short motifs
like RPI/R/T in peptides 1 and 3 (RPI/R/T as predicted and
ROI/R/T as observed) and VPI/G in peptides 1 and 2 (VOI/G
as predicted and VPI/G) (Supplementary Figure S2C). Two
larger motifs were variable: FPPR in peptide 2 (FPOR as
predicted and FOOR); LPPY in peptide 3 (LPOY as predicted
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TABLE 3 | Exceptions to the proposed rules of Pro/Hyp location.
Accession number Predicted location of
Hyp residues
Observed motifs Frequency of
occurrence






































VOV VOV VPV 0/22 22/22
Only motifs observed at most 20 times are considered in this table.
and LPPY). With the exception of the FPPR motif in which
Pro residues were always both hydroxylated and the VPI
motif which was found in the VOI form in all but three
cases out of 55, all the other variants were found in the
one third/two third proportion between predicted and mis-
predicted variants or vice versa. For At2g10940, variability was
observed in four motifs (Figure 3 and Supplementary Figure
S2E): VPPV in peptides 1 and 2 (VOOV as predicted and
VPOV); VPK in peptides 1 and 2 (VOK as predicted and
VPK); VPV in peptide 4 (VOV as predicted and VPV); and
CPPPPG in peptide 3 (CPOOOG as predicted and COOOOG).
A very high proportion of the observed motifs did not
follow the extended Pro hydroxylation code for their first Pro
residue.
DISCUSSION
This work has allowed mapping the Pro/Hyp residues in five
CWPs and comparing the prediction of Pro/Hyp location
according to a previously proposed extended Pro hydroxylation
code (Kieliszewski and Lamport, 1994; Canut et al., 2016).
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Among these five proteins, only AtPRP4 was assumed to
contain Hyp residues because it is known as a structural
CWP with a high content of Pro residues and canonical
amino acid motifs such as KKPCPP (7 occurrences) and
PPV (14 occurrences) (Showalter et al., 2010). However,
to our knowledge, its pattern of Pro hydroxylation has
not yet been described. Regarding the other four proteins,
our results have allowed enlarging the number of protein
families possibly modified at the post-translational level by the
hydroxylation of Pro residues. They have also shown that the
Pro hydroxylation patterns can be variable at a given amino acid
position.
The prediction of Hyp residue location could be done with
a high level of confidence in one of the so-called HRGPs using
the extended Pro hydroxylation code probably because this
code was designed from the analysis of such protein sequences
(Kieliszewski and Lamport, 1994; Canut et al., 2016). They
include proteins rich in Pro, Ala, Ser and Thr residues such
as (i) extensins with repetitive S(P)n ≥ 2 and YXY motifs, (ii)
arabinogalactan proteins (AGPs) with AP/PA/SP/TP repeats and
Pro-rich proteins (PRPs) with PPVX[KT], KKPCPP and PPV
motifs (Showalter et al., 2010) or chimeric proteins containing
a Pro-rich domain with XPnY motifs (Hijazi et al., 2012; Canut
et al., 2016). However, although prediction of the location of
Pro/Hyp residues in the AtPRP4 sequence was very efficient
(94.9% of successful predictions), some variability could be
observed at a low frequency, particularly in the KPPPK motif,
with 19 canonical Pro hydroxylation patterns (KPOOK) out of
the 29 observed patterns and 10 variants (KPPOK, KOPPK, and
KPPPK).
For the other proteins rich in Pro residues, many exceptions
to the extended Pro hydroxylation code could be observed.
In particular, in At1g31580, only about one third of the three
amino acid-motifs had Hyp at the predicted location in RPI/T/R
and VPG/I motifs and the FPPR motifs was systematically
found with two Hyp residues (55/55). Besides, only one
predicted VOOV motif could be recorded in At2g10940 out
of the 140 observed peptides. The major variant was VPOV
(133/140). A similar situation was found for the predicted VOK
and VOV motifs (5/119 and 0/22 observations, respectively).
For proteins having a low content in Pro residues, the
prediction of Pro/Hyp location was also inefficient. Only a
few Hyp residues could be observed and at a low frequency.
Unexpected Hyp residues were also found in a previous
study focused on class III peroxidases (Nguyen-Kim et al.,
2016). For these proteins, a few Hyp residues were observed
in CPN/Q/R, DPA, GPS/N, HPD, IPD, and LPA/Q/S motifs
whereas some Pro residues were observed in APF/A, VPT,
SPT/D, and TPG/L motifs. These results suggest that the
extended Pro hydroxylation code cannot be used for such
proteins. They also show that the rule established for the
hydroxylation of the Pro residue within the EPA motif of
sporamin cannot be applied (Shimizu et al., 2005). Based on
mutagenesis of the surrounding amino acids, it was shown that
the hydroxylation of the Pro residue required the following
environment in tobacco BY-2 cells: [AVSTG]-P-[AVSTGA]-
[GAVPSTC]-[APSDE].
Our results raise the question of the specificity of prolyl-4
hydroxylases (P4Hs) which have to recognize some features
on the target protein at the level of its primary amino acid
sequence or the secondary/tertiary structure. The specificity of
three out of the 13 P4Hs of A. thaliana was characterized. P4H1
was shown to preferentially hydroxylate the second Pro residue
in PPG motifs (Hieta and Myllyharju, 2002). All the peptides
hydroxylated by P4H2 have at least three consecutive Pro residues
and the third of them is preferentially hydroxylated (Tiainen
et al., 2005). Finally, P4H5 was shown to hydroxylate Pro residues
in SP4 motifs in a sequential way, but never on the fourth Pro
residue (Velasquez et al., 2015). Besides, P4H2 and P4H13 were
assumed to complement the Pro hydroxylation pattern of SP4
motifs in extensins (Velasquez et al., 2015). The characterization
of additional P4Hs will give clues to understand this process
which is probably tightly regulated because of its importance
for biological activity. Indeed, this PTM is the first step prior
to O-glycosylation: (i) poly-arabinosylation in extensins; or
(ii) complex O-glycans like type II arabinogalactans (AGs),
type III AGs or peanut agglutinin (PNA) AGs in AGPs,
allergens or AtAGP31, respectively (Hijazi et al., 2014). None
of the five CWPs analyzed in this work is known to be
O-glycosylated. However, a previous proteomic study based on
affinity chromatography with PNA, a lectin specific for galactose
residues, has allowed identifying a protein of the same family
as At3g08030 (Zhang et al., 2011). The next step will consist
in correlating the presence of Hyp residues to O-glycosylation.
Finally, the presence of Pro/Hyp peptide variants raises the
question of the role of Hyp residues as previously discussed for
class III peroxidases (Nguyen-Kim et al., 2016). This variability
could be incidental or contribute to the regulation of the
biological activity of CWPs.
Altogether, Pro hydroxylation events are probably more
abundant in CWPs than initially thought, but the precise
rules of this PTM need additional experiments to be fully
described. Some clues can be proposed from our results. For
example, a Hyp residue is found in the VPX motifs of AtPRP4
(77 Pro hydroxylations among the 82 observed VPX motifs) and
At1g31580 (85 out of 110), whereas it is mainly a Pro residue
in the three other proteins (only 15 Pro hydroxylations out
of the 406 observed VPX motifs). The Pro residues in the
97 observed SPX motifs of At3g08030 were never hydroxylated
whereas only a few lack of Pro hydroxylation have been
described in cell wall Pro-rich proteins (Canut et al., 2016).
A systematic mining of MS data is now required to permit the
identification of other CWPs or secreted peptides containing
Hyp residues and to map them. This task is challenging because,
as mentioned above, 17.5% of the CWPs identified in one of
our rosette experiments had at least one peptide carrying a
Hyp residue. However, the amount of MS data corresponding
to all these proteins was not sufficient to perform a relevant
statistical analysis and to propose yet a further expanded
Pro hydroxylation code. Finally, such a code should probably
take into account tissue-specific patterns as for O-glycosylation
(Estevez et al., 2006) and protein families. This work paves
the way for a better description of Pro hydroxylation patterns
in CWPs.
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MATERIALS AND METHODS
Extraction of Proteins from Cell Walls
Arabidopsis thaliana plants were cultivated in growth chambers
at 22◦C with a photoperiod of 16 h light/8 h dark. Rosettes and
mature stems were collected after 4 and 6 weeks, respectively.
The detailed description of the experiments is given in our
previous articles (Hervé et al., 2016; Duruflé et al., 2017). Three
biological replicates were performed for each experiment. Briefly,
cell walls were purified as described (Feiz et al., 2006). Proteins
were extracted from lyophilized cell walls in four steps using a
5 mM acetate buffer pH 4.6 complemented with 0.2 M CaCl2 (two
successive extractions) or 2 M LiCl (ditto) (Irshad et al., 2008).
The four protein extracts were combined prior to further analysis.
Analysis of Proteins by LC/MS-MS and
Bioinformatics
The same amount of each protein extract (40 µg) was analyzed
by LC-MS/MS. In the case of rosettes, two types of analysis
were performed: (i) the first one after separation of proteins
by a short 1D-electrophoresis in three fractions prior to in
gelo tryptic digestion, (ii) the second one by shotgun analysis
of the extracted proteins after tryptic digestion (Hervé et al.,
2016). In the case of stems, only the second method was used
(Duruflé et al., 2017). LC-MS/MS analyses were performed with
a Q-exactive instrument (Thermo Fisher Scientific, Villebon-
sur-Yvette, France) as described (Feiz et al., 2006; Hervé et al.,
2016). All the MS/MS data were made publicly available in
the PROTICdb1 and WallProtDB databases2. The following
modifications were taken into account for peptide identification:
Met oxidation, Pro hydroxylation, N-ter acetylation, N-ter
deamidation of Glu, N-ter deamidation of Cys and loss of H2O
on N-ter Glu. The lists of peptides allowing the identification
of the five CWPs studied in detail in this article are given in
1 http://proteus.moulon.inra.fr/w2dpage/proticdb/angular/
2 http://polebio.lrsv.ups-tlse.fr/WallProtDB/
Supplementary Table S1. The search for N-glycosylation motifs
was performed with PROSITE3.
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ABSTRACT 
Global warming is a current issue of great concern because of its potential effects on biodiversity and 
the agricultural sector. Better understanding the adaptation of plants to this recent phenomenon is 
therefore a major interest for science and society. 
The study of natural populations from an altitude gradient allows correlating a set of climatic conditions 
(temperature, humidity, radiation, etc...) with phenotypic traits. These different populations are 
considered as adapted to their climatic conditions in natura. By cultivating these plants under 
standardized laboratory conditions (light intensity, substrate, temperature, watering, etc.), the observed 
phenotypic variability, is essentially due to the genetic variability intrinsic to each genotype. The growth 
of these same plants by changing a single variable, for example temperature, makes possible to highlight 
a characteristic phenotype. This phenotype may be an acclimation response of a relevant genome. The 
WallOmics project aims at characterizing the adaptation of plants to altitude by studying natural 
populations of Arabidopsis thaliana from the Pyrenees. 
The molecular actors of the adaptation of plants are still poorly described, but it appears that the plant 
cell wall could play an important role in this process. Indeed, it represents the skeleton of plants and 
gives them rigidity while representing a dynamic and sensitive external barrier to environmental 
changes. Its structure and composition can be modified at any time. It is also possible to say that the 
plant cell wall gives the general shape of the plant (size, shape, density, etc.), that is its observable 
phenotype. This project will focus mainly on the study of the plant cell wall. 
New technologies have enabled the emergence of the so-called "omics" data, large sets of data at 
multiple biological levels, such as ecological, phenotypic, metabolomic, proteomic, transcriptomic and 
genomic data. The study and the links between these data have favoured the development of integrative 
approaches aimed at establishing a response at several scales. It is precisely by this type of non-
mechanistic approach that the WallOmics project has contributed to establish the molecular players of 
plant cell wall modifications in the global warming context. 
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RESUME 
Le réchauffement climatique constitue une problématique d’actualité très préoccupante en raison de ses 
effets potentiels sur la biodiversité et le secteur agricole. Mieux comprendre l’adaptation des plantes 
face à ce phénomène récent représente donc un intérêt majeur pour la science et la société. 
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Ces différentes populations sont dites adaptées à leurs conditions climatiques in natura. En cultivant ces 
plantes dans des conditions standardisées de laboratoire (intensité lumineuse, substrat, température, 
arrosage, etc...), la variabilité phénotypique observée, est alors due essentiellement à la variabilité 
génétique intrinsèque à chaque plante, donc à son génotype. La mise en culture de ces mêmes plantes 
en changeant une seule variable, par exemple la température, permet de mettre en évidence un phénotype 
caractéristique. Ce phénotype observé peut être une réponse d’acclimatation d’un génome adapté. Le 
projet WallOmics vise à caractériser l’adaptation des plantes à l’altitude par l’étude de populations 
naturelles d’Arabidopsis thaliana provenant des Pyrénées. 
Les acteurs moléculaires de l'adaptation des plantes au climat sont encore mal connus mais il apparaît 
que la paroi des cellules végétales pourrait avoir un rôle important dans ce processus. En effet, celle-ci 
représente le squelette des plantes et leur confère une rigidité tout en représentant une barrière externe 
sensible et dynamique face aux changements environnementaux. Sa structure et sa composition peuvent 
être modifiées à tout moment. Il est d’ailleurs possible de dire que cette paroi végétale donne la forme 
générale de la plante (taille, forme, densité, etc…), son phénotype observable. Ce projet se consacrera 
principalement à l’étude des parois des cellules végétales. 
Les nouvelles technologies ont permis l’émergence des données dites «omiques», c’est-à-dire de vastes 
ensembles de données provenant de niveaux biologiques multiples, comme des données écologiques, de 
phénotypages, biochimiques, protéomiques, transcriptomiques et génomiques. L’étude et la mise en 
relation de ces données ont favorisé le développement d’approches globales qui visent à établir une 
réponse à plusieurs échelles. C’est justement par ce type d’approche non mécanistique que le projet 
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